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In this Issue:

Shown on our cover this month is the exposure end of HP's electron beam lithography

system, the subject of this issue. On the left are the column that produces the electron beam
:; lsee page 14), and below it, the X-Y stage that holds the target (see page 16). On the right is

:T'--.r.1 i;;:;;6; that transports the target o5lects to and from the X-Y stage (page 16).
fi i d 

' 
;;.r;;n J"ur tithography is one of ihe technologies on the frontier of the business ol

:* 
- 
* producing integrated circuits, those tiny silicon chips that can hold enough electronic circuitry' ' - [ , , - - {'*,.,,. 
I io, an ent]re computer-HP's latest chip has 450,000 transistors on it. On page 5, Frank Ura,

.-3* :l manager of HP's electron beam research and development team, introduces us toam, in t roduces us to

electron beam lithography ancl its advantages and disadvantages. Briefly, its main advantage is that it promises

to let us put more transistors in a given area of chip and do it more accurately, so a higher percentage of good

chips comes off the production l ine. lts disadvantage has been that it is slower than older methods, too slow for

mass-producing any but the simplest chips.
The scientists at Hewlett-Packard Laboratories, HP's central research facil i ty, thought they saw a way to maKe

a faster electron beam system that would be useful in a production environment, and HP management

supported them. That investment has paid off in the system described in this issue, which is much faster than any

other system we know of . To make it work, the project team applied good, sometimes clever engineering and

advanced technology, as this issue attests.
The new system will be used by HP divisions to make better HP products. There are no present plans to maKe

it available to other companies. The electron beam team has already used the system to make some advanced

devices and to develop new ways of dealing with an electron beam problem, proximity effect' or the random

scattering of electrons when they hit a target. We didn't have room in this issue to talk about these topics, but

we're planning articles on them for future issues.
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A Precision High-Speed Electron Beam
Lithography System
This very fast electron beam syslem is designed for mask
making or direct writing on wafers in an integrated circuit
p rod u ction env i ronment.

by John C. Eidson, Wayne C. Haase, and Ronald K. Scudder

HE INITIAL OBIECTIVE of HP's electron beam
project was to bui ld a precision high-speed direct
writing electron beam lithography system that would

be usable in a production environment. Later, a requirement
was added that the system function as a mask maker. The
system architecture and specifications were determined
based on the results of experiments on f ield emission guns
and numerous calculat ions and experiments on column
design. The most signif icant of these results was that i t
appeared l ikely that, using a f ield emission source, a col-
umn could be bui l t  that would be capable of del ivering a
beam of up to 600 nanoamperes into a 0.S-micrometre spot,
which could be deflected over a 5-mm-square f ield of view
with minimal distort ion.

The decision was made to design a machine with the
h ighes t  poss ib le  th roughput  and accuracy ,  use fu l  fo r
geometry in the 0.5-to-1-pm range. The high-current beam
would permit a bit-writ ing rate of at least 300 MHz, which
was felt  to be the l imit that could be reached by the control
circuitry. This bit  rate and the desire for high accuracy and
throughput led to the design of a modif ied raster-scan sys-
tem. In this system, a mechanical X-Y stage is used to move
from one 5 x s-mm field of view to the next. This simpli f ies
the f iducial mark location needed in a direct writ ing
machine and keeps the t ime lost in stage motion to a reason-
able fract ion of the total exposure t ime.

The 5xs-mm field of view and O.S-trrm beam led to the
adoption of an ideal pattern grid of 0.5-g.m spacing or 108
pixels per f ield of view. The placement accuracy goal for
individual pixels was set at +0.1 pm, which implies a
deflect ion accuracy of 0.1 ;r,m in 5000 pm or roughly f  6 bits.
Since i t  r . t 'as not deemed possible to design deflect ion cir-
cuitry that could meet both the 300-MHz bit  rate and the
1 6-bit  accuracy requirements simultaneously, the modif ied
raster-scan scheme was adopted. The f ield is divided into
blocks of 1,28x128 pixels. Each block is addressed by a
high-accuracy octopole driven by circuits that can sett le in
about 10 p.s. This is a reasonably small  fract ion of the t ime
required to expose a block at 300 MHz. Within each block a
raster is scanned using high-speed circuitry driving a quad-
rupole deflector.

Each 5 x s-mm field of view is composed of e0 xB0 blocks
of pattern data, each with 128 x 128 bits (pixels). During the
exposure of each block this data must be del ivered at the
300-MHz bit  rate. To handle this data the electron beam
machine has a pattern memory that can store the entire bit
pattern for a 5 x 5-mm field of view and can del iver this data

at the full data rate.
A further complication was introduced by the require-

ment that the machine also function as a mask maker capa-
ble of producing 10x ret icle masks. This increases the
number of data bits to about 101o. Since the t ime required to
Ioad the pattern memory is long compared to the t ime to
expose a f ield of view, a rather simple data compression
scheme has been implemented that permits the data for the
entire 10x ret icle to be contained in the pattern memory.

To posit ion each block accurately using the octopole,
numerous calculat ions must be done to determine the volt-
ages required by the octopole plates. The calculat ions must
be done in real t ime on a block-by-block basis. Since the
main system computer, an HP 1000, is far too slow for this
task, a special computer cal led HAL was designed for this
purpose.

The pattern memory, the deflection circuitry, and HAL
are the electronic subsystems that are most specific to the
HP electron beam system because of its field of view and
data rate. The other electronic subsystems are more conven-
t ional, with stabi l i ty and system compatibi l i ty being the
main design constraints.

Pattern Generation and Format
Pattern information for this system is generated on one of

several standard computer-aided artwork (CAA) systems.
This artwork is converted by means of special routines to a
standard format called electron beam external format. This
conversion is accomplished by an off- l ine computer.

After the data is converted into the electron beam external
format, it is converted by an off-line computer system to one
of the two electron beam internal formats, compressed or
uncompressed, and stored on disc unti l  exposure t ime. For
10x masks the compressed format is always used. To ex-
pose the substrate with this data, the disc is placed on one of
the system disc drives and the data is then transferred to the
pattern memory. From here it is transferred to the beam
blanker in synchronism with the sweep circuits.

System Architecture
Fig. 1 is a block diagram of the system. The system con-

sists of an electron column, a target area with a cassette
loading system and an X-Y stage, a computer control sys-
tem, and a variety of special-purpose electronic equipment
used to drive the beam and control the data.
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The Electron Golumn
At the top of the column is the electron gun, consisting of

a tungsten cathode and an accelerating anode. The beam
formed by the emitted electrons passes through the first
lens and is focused near a knife-edge in the beam blanker
region. In the region of the first lens is a stigmating system
to correct beam astigmatism (i.e., to make the beam round),
and an alignment coil to compensate for column misalign-
ment. Because of machining tolerances, column alignment
to the required accuracy is not possible without this elec-
tronic control.

Following the first lens is the beam blanker. Here the
beam is focused just to the side of a knife-edge. When a
potential is applied to the blanker, the beam is deflected a
few micrometres and impinges on the metallic edge. Thus
the electrons are stopped instead of continuing down the
column. Because the beam focused near the knife-edge is
only a few micrometres in diameter, a very small deflection
is required to move the entire beam. This means that a small
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voltage (about three volts) is adequate to provide the neces-
sary blanking.

After the beam traverses the blanker, it passes through a
second alignment coil and then goes through a double
vacuum valve. This valve allows the column to be split
apart while maintaining vacuum both on the gun and on the
lower sections of the column. The ability to split the column
in this fashion greatly facilitates installation of new emit-
ters if one should fail. In this way, a standby gun can be kept
ready for rapid transfer to the column, so that unnecessary
down time is eliminated.

Following the valves, and immersed in the final lens, are
the final stigmators and alignment coils, which focus the
beam on the target. Here again is a set of alignment deflec-
tors to aid in directing the beam to the target. Following the
final lens is the deflector system. The upper deflector, a
quadrupole deflector, is used to raster-scan the beam
rapidly over a limited area of 12Bx12B pixels. The second
deflector is an octopole, which has a very uniform field and
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Fig. 1. Block diagram of the HP high-speed electron beam lithography system
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Electron Beam Lithography

The use of computers has revolut ionized society. From their
beginnings in the 1950s, computers began to f lourish in the
1960s. In the 70s people began to understand how to use them,
and in the BOs their use is beginning to explode. One of the main
reasons for their widespread use is the {act that their cost for a
g iven capab i l i t y  has  been go ing  down s tead i l y .  l t  has  now
dropped to the point where computers are economical for many
household and business applications.

The cost of computing has dropped primari ly because the
complexity and capabil i ty of integrated circuit  chips have in-
creased at a constant rate for lhe past decade. Because of this
increased capabil i ty, we see integrated circuit  chips not only in
computers, but also in microwave ovens, calculators, TV games,
typewriters, and many other products.

A principal reason for the increase in the capabil i ty of integrated
chips and the reduction in their cost has been the increased
capabil i ty of the l i thography machines used in their manulacture.
Integrated circuits are bui l t  up on si l icon wafers in a series ol
operations. Some of these operations involve etching the surface
of the wafer to produce a part icular pattern, while others require
introducing certain impurit ies into the wafer in a parttcular pattern.
It  is l i thography machines that al low us to imprint the patterns on
the wafer. The wafer is l i rst coated with a resist,  a compound that
is sensit ive to l ight or to electrons. The l i thography system then
exposes the reslst to l ight or electrons rn the desired pattern, and
the resist is developed. leaving the des,red pattern as openrngs in
the resist through which the etching or implanting can be done.

During the past .10 years, the dimensions of these patterns have
been decreasing at a steady rate. This has been made possible
by advanced optrcal al igners in which the lenses nave oeen
improved from year to year, al lowing the user to imprint f iner and
tiner geometries onto the si l icon wafers. At present, the minimum
geometries that are obtained in production have l ines and spaces
as small  as two to three micrometres, and in the laboratories as
small  as one micrometre. The f undamental l imit o1 these lenses is
being approached; i t  appears to be in the area of one micrometre
or sl ightly less. Another cri ter ion, which is becoming more and
more rmportant as the geometry shrinks, is the accuracy with
which we can place these geometries at the desired location. The
best optical al igners on the market today can place geometries to
an accuracy in the order of 0.3 to 0.4 micrometres. (The diameter
of a human hair is approximately 100 micrometres.)

To continue increasing the capabil i ty of integrated circuit  chips,
designers must be able to attain l iner geometries and to place
them more accurateiy. Electron beam systems have ult imate
l imits in resolut ion and in accuracy much f iner than those of optical
al igners. l t  is for these reasons that there is great interest in
electron beam l i thography systems.

Another factor that is extremely important, part icularly in pro-
duction, is throughput of wafers per hour. This number sometimes
is misleading because of the way that i t  is defined. Many people
tend to use the number of wafers a part icular system can process

is used to posit ion the beam at the center of a 1 2B x 1 2B-pixel
subfield.

For al ignment purposes, i t  is necessary to scan various
targets mounted on the stage. These targets al low the sys-
tem to focus the beam, measure deflect ion sensit ivi t ies of
the two deflectors, and get a general view of system accu-
racy. To detect the beam as i t  scans these targets, there is a

in an hour. More meaningful is the number oi f  unctions that can be
processed per hour by a given system. The bottom l ine is real iy
the cost per tunction of an integrated circuit  chip.

Although a few companies have developed direct writ ing elec
tron beam systems (systems capable of writ ing a pattern direct ly
on a resist-coated wafer, using an electron beam), the only elec-
tron beam systems that are commercial ly avai lable today are
designed for making masks for integrated circuit  production. An
optical al igner must be used to project the mask image onto the
wafer. This means that most of the f iner resolut ion and better
accuracy of electron beam l i thography are ult imately lost be-
cause the l imitat ions of optical l i thography domrnate.

Besides optical I i thography, the only other technology thar ap-
pears to be competit ive with electron beam l i thography is x-ray
technology. This technology requires masks, but because the
i l luminat ing  source  is  o f  much shor te r  wave length  than op t ica l ,  the
minimum geometries attainable with x-rays are much f iner. X-ray
l i thography has been in development for a number of years now,
but has not reached production stages because of two major
problems, the construction of the masks and the avai labi l i ty of a
sensit ive resist.  At this t ime, i t  is not obvious which technology wil l
eventual ly dominate. l f  x-ray technology's two major problems are
solved, i t  is l ikely that al l three technologies wil i  be complementary
and wil l  exist side by side. To summarize, the malor advantages of
electron beam l i thography are greater resolutron, better regtstra-
t ion  accuracres .  and grea ter  l lex rbr l r ty  i r  nand l ing  the  pa t te rn
data. The major disadvantage is the high cost of the instrument.

HP System
The HP electron beam l i thography system described in this

issue is designed for direct writ ing on wafers in a production
envrronment. l t  is much faster than any commercial ly avai lable
system and is bel ieved to be much laster than any electron beam
system exist ing today. l ts speed is due plmari ly to three things:
the use of a f ield emitter electron source, high-speed electronic
crrcurtry to process the data, and the deflect ion system.

As an example of the potential throughput of this system, con-
sider HP's recently disclosed microcomputer chip that has on i t
approximately 450,000 transistors. Assume that an optical al igner
can process about ten wafers per hour containing such chips.
HP's electron beam system can potential ly produce three ttmes
as many transistors on the same-size chip, but at perhaps f ive
wafers per hour. In functions per hour, the electron beam system
has a greater throughput.

The HP sys tem has  the  ab i l i t y  to  p r in t  l ines  w i th  min imum d i -
mensions in the order of 0.5 to 1 micrometre and has registrat ion
accuracjes in the order o{ 0.1 to 0.2 micrometre. Future svstems
wil l  continue to reduce these parameters.

-Frank Ura
Monoqer, Electron l leorn

Reseorch oncJ Devr; lopmenl

system of four detectors in the target area, corresponding to
the * and - X and Y axes of the system. They are made of a
sc in t i l l a t ing  mater ia l  tha t  emi ts  l igh t  when s t ruck  b1 ,
backscattered electrons, a l ight pipe that routes the l ight to a
conven ien t  loca t ion ,  and a  se t  o f  photomul t ip l ie r  tubes
which convert the weak l ight into electr ical signals.
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The Pallet Handling Mechanism

Substrates, (wafers, masks, or ret icles) are processed

semiautomatically in this system. Substrates are loaded

onto a holder called a pallet, normally one substrate to a
pallet, but in the case of small substrates such as S-cm

wafers, possibly more. A pal let is roughly 12 cm on a side.

Pallets are loaded into a cassette. The cassette is placed in

the load chamber of the pallet loading system and the

chamber is pumped down to vacuum. After a sufficient

level of vacuum is attained, the cassette is lowered through

a valve into the central chamber, and the valve is closed,

freeing the load chamber for the next cassette. Pallets are

now individually loaded from the central chamber onto the

X-Y stage. After exposure, the pallet is retracted and the

next pallet inserted onto the stage. This process continues

until all substrates have been exposed. After all ofthe sub-

strates in a cassette have been exposed, the cassette is low-

ered through a valve into the unload chamber, where it may

be removed or, as required for some electron-sensitive re-

sists, vacuum-cured. The sequencing of valves' detection of

appropriate vacuum levels, and al l  of the motions of the

substrates are fully automatic, but the insertion of cassettes

into the load chamber and their removal from the unload

chamber are manual operations.
The X-Y stage is a very precise mechanism controlled by a

laser interferometer and servo system. It is capable of over
13 cm of travel in both X and Y direct ions, and can move 5

mm and settle to less than 0.1 pm from its destination in

only 250 mil l iseconds. In normal operation i t  is driven to a

d e s t i n a t i o n  w i t h  a n  a c c u r a c y  o f  0 . 0 1 6  p m ,  o r  1 6 0

angstroms! Resolut ion is 0.008 pm or B0 angstroms. This

extreme precision and a third interferometer axis for

measuring rotation make it possible to stitch together fields

of view to obtain much larger patterns than the 5-mm-

square  s ing le  f ie ld  o f  v iew.

Computer Control
Overal l  system coordination is accomplished via a host

computer, in this case an HP 1000. This machine is a 16-bit

computer with extended memory and two input/output ex-
tenders. I t  is used somewhat as a process control ler, in that

al l  of the beam control,  deflect ion control,  data handling,
and analog processing are done with special-purpose
hardware designed specifically for the system. The large

number of peripheral controllers required the addition of

the I/O extenders.Attached to the computer is a system disc
for program storage, a magnetic tape for system backup and
program transfer from other machines, several terminals
used to enter operator commands, and four HP 7925 125-

megabyte discs for pattern data storage. The large capacity
required of the data storage discs stems from the fact that
one of the two data formats used is a direct bit  map of a chip.
With 100,000,000 bits required for a single 5-mm field of
view, disc space is used rapidly!

Noise Reduction
In a system that maintains the exceptional accuracy of

this one, great care must be taken to el iminate every possi-
ble source of noise. Each electronic subsystem is powered

by i ts own set of power supplies, and these are driven from

separate isolat ion transformers. The main power source for
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the entire system is a separate winding on the transformer

supplying the bui lding housing the electron beam system.
Single-point grounding is used, el iminating the possibi l i ty

of ground loops. To further reduce any possibi l i ty of ground

loops, al l  digital data and control l ines are optical ly isolated

between al l  electronic subsystems, including the host com-
puter.

To reduce magnetical ly induced noise, transformers and
other magnetically active components are not permitted

near the column. Room lights are required to be incandes-

cent bulbs rather than fluorescent fixtures, because fluores-
cent f ixtures have magnetical ly act ive bal lasts, and the
tubes themselves act as unshielded current carr iers. To
further reduce interference from stray fields, the column is
completely surrounded by two layers of mu-metal shield-
ing spun to conform to column geometries. Crit ical compo-
nents of the column itself  are made of nonmagnetic mate-
r ials.

Final ly, the entire column and loading mechanism are
floated on air bearings to el iminate horizontal components
of floor vibration. Vertical components of vibration are

Proximity Effect Correction
by Processing

The proximity effect is the unwanted exposure of resist caused by
electrons scattering in the resist layer and from the substrate
beneath the layer. This leads to pattern features dif ferent from
those designed. l t  is a major l imitat ion to the fabrication of high-
resolut ion devices by means of electron beam l i thography.

Three methods have been used to l imit the proximity effect. The
most widely used method involves preprocessing the input data
and modifying the dose at exposure t ime. This method has been
used with vector-scan electron beam systems.l the second
method also involves preprocessing the input data; the exposure
shapes are modif ied by the addit ion or subtraction of scans to
achieve a uniform dose. This method has been applied to electron
beam systems that are modif ied electron microscopes, where the
smallest patterns are formed by many beam scans.

ln the HP system, other methods, which do not involve prepro-

cessing the input data, are used to l imit the proximity effect Some
of these techniques involve specral resist processing, hence the
term: proximity effect correction by processing. These process-
ing techniques reduce proximity effect by minimizing the effect
o{ backscattered electrons and reducing their number. The prox-
imity effect has been investigated by means of a computer model,
and processing methods that can improve the pattern f idel i ty
h a r r o  h o a n  a v  n l n r o r l

I t  has been found that signif icant reduction in the proximity
effect can be achieved by two methods: a "small-beam" ap-
proach and mult i layer resist techniques.2 Both of these methods
have been evaluated on the HP electron beam l i thography sys-
tem. An art icle detai l ing these studies and the results is planned
for a future issue of the Hewlett-Packard Journal.
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eliminated with a system of pneumatic dampers.

Pattern Memory System
The pattern memory is a very large semiconductor mem-

ory system capable of storing more than 151 million bits,
which is more than enough for a direct bit  map of a
10,000x10,000-pixel chip, or over three mil l ion rectangle
specifications in compressed format. During exposures the
memory delivers this data at a 300-MHz bit rate. This high
data rate precludes the use of large disc memories for the
pattern memory.

The first stage in the pattern memory is an input section
which accumulates 144 bits, 16 at a time, from the host HP
1000 Computer. These 144 bits consist of two zZ-bit  words,
each word containing 64 data bits and eight error correcting
bits. After 144 bits are accumulated on the data input board,
they are transferred through error correction circuitry into
the memory arrays. The memory arrays store the pattern
information until it is time to transfer the data to the beam at
write time. This array section is composed of six modules.
Each module contains eight memory boards, and each
board has eight rows of 2+ chips. The chips are 16K MOS
RAMs. The total capacity of the memory is therefore greater
than 151 megabits including the overhead for check bits. At
exposure time, data is transferred again through error detec-
tion and correction circuitry from the memory modules into
one of two areas. If the data is in bit map format, it is
transferred directly into one offour block buffers. The block
buffers hold tz\xtz8 pixels of pattern information, which
is exactly what is required to expose one 64 x 64-micrometre
subfield or block with the raster deflection system. If the
data is in compressed format it is routed through the data
decompressor system and then into the block buffers after
decompression.

The block buffers provide a means of synchronizing the
data as it comes from the memory modules and goes to the
beam blanker. The memory modules operate with a fixed
clock and require refresh. Uncorrectable data errors may
require several retries before data is correctly read. The
beam blanker, on the other hand, may operate at blanking
rates from a few kilohertz to the maximum rate of 300 MHz,
so some type of intermediate storage is required to allow
proper coordination.

From the block buffers the data is again transferred
through error detection and correction circuitry, although
at this time the decompressed data cannot be corrected
because of the transformation process. The data is transmit-
ted to the shifter system, which is a high-speed parallel-to-
serial converter.

Dumping of the data from block buffers to the shifter is
mediated by a control system which synchronizes the shift-
er, requests to dump from HAL (the high-speed processor),
and the block buffers. It also can provide for block skipping
or filling in the event of blank or completely filled blocks,
thereby saving space in the memory modules. Line skip-
ping may also be provided in the bit map format to save
writing time. The overall control of the pattern memory
system is accomplished via a programmable processor. All
of the timing and control is implemented in ECL to obtain
accurate tirning and because the ECL logic families generate
very low noise, an important consideration in this system.
The pattern memory system's internal states and registers

can be read, modif ied, or set from the host computer to
facilitate troubleshooting and system debugging. Excellent
support software al lows very f lexible troubleshooting
operations.

Shifter System
The shifter system is a parallel-to-serial converter that

receives 128 bits of data from the pattern memory and shifts
i t  out at rates of up to 300 MHz to the beam blanker
amplifier. Because of the extremely high transfer rates,
shif ter control is not implemented with combinatorial
logic. Instead, the control signals are themselves generated
from high-speed shif t  registers. Four signals are required to
control the data shifter and synchronize data transfers. One
signal controls the state of the main data shifter, forcing it
either to load data or shift the data. The second signal a
ramp reset signal, which is used to start the ramp in the
raster generator or reset the ramp at the end of a scan. The
third signal provides pulses that load data from the pattern
memory into a temporary register, prior to the transfer of the
data into the main data shifter. The fourth and last shifter
generates a pulse that controls the state of all of the control

Data/Control
from HP 1000

from HP 1000
o Octopole/Quadrupole/

Operator Console

C-Bus

Flags to Pattern

, Fiducial Mark System,
HP 1000, etc.

A-Bus
B-Bus
Control Bus

Fig. 2. HAL, the high-speed processor that calculates volt-
ages for the octopole deflection p/afes, ls implemented with
approximately 1000 ECL circuits.
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shifters, including itself. The two possible states are 1)load
data from a register associated with each individual shifter,
and 2) shift the data. The waveforms needed to provide the
control are stored in a set of four registers, each register
feeding one of the four control shifters. This data is loaded
into the shifters and then shifted out' The data is then
reloaded and shifted again. The process repeats indefi-
nitely. Although this system is expensive in IC count, it
provides accurate control signals at 300 MHz.

HAL System
The main HP 1000 system computer is far too slow to do

the numerous calculations required to determine the volt-
ages to be placed on the octopole plates during exposure,
since these calculations must be done in real time on a
block-by-block basis. These calculations are done by the
HAL system, a special-purpose high-speed processor im-
plemented with emitter-coupled logic (ECL). It is micro-
programmed, and can execute a program of 512 steps' The
microcode is  generated us ing an assembler  and is
downloaded from the host computer. This allows flexibility
in controlling the beam deflection protocol, since changes
are quite easy to make. In addition to the microcode storage
registers there are 1,28 32-bfi data registers for arithmetic
operations.

HAL is built around several buses, the first of which is the
opcode bus (see Fig. 2). When the microcode memory
places an opcode on this bus, the microcode is received at
the inputs of all of the printed circuit boards that make up
HAL. Each printed circuit board is designed to execute one
or more instructions. When a board recognizes one of the
opcodes it is capable of executing, it does so and then
signals the control system that it is finished. The control
circuit then fetches the next instruction' This architecture
allows considerable flexibility in modifying or inserting

Scale

Line
Number

=
Integrator
(Ramp Generator)

Step
Size

"-"",-JD*-
Line

Number

Fig. 3, Ihe driver for the quadrupole deflector generates rasler-scan voltages to deflect the
electron beam. lt consisls of two of these ramp and step generators.
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new instructions. To add a new instruction, one needs only
to implement it on a board and insert it into the system. The
control system and timing do not have to be modified, since
any board can take as long as necessary to complete an
instruction.

The present instruction set consists of add, subtract, mul-
tiply, a wide variety of logical operations and format con-
versions, and a flexible collection of special handshakes
and flags. These flags are used to signal other units in the
system, for example to tell pattern memory to dump a block
of data or to start the fiducial mark system so that it can
collect data. Some flags can be used to generate pulses of
selected width, and others are used to signal HAL to start
execution of special subroutines. Other flags are used to
coordinate data transfers to the HP 1000 host computer.

Quadrupole Electronics
The quadrupole electronics generate raster-scan voltage

waveforms for driving the quadrupole deflection plates,
which electrostatically deflect the electron beam. The
quadrupole electronics also provide for magnifying and
rotating the raster. The deflection waveforms can be gener-
ated over a five-decade range in operating frequency.

The quadrupole electronics consist of two independent
ramp and step generators. Each generator is responsible for
the waveforms for one pair of quadrupole plates.

The ramp and step generator (see block diagram, Fig. 3)
generates output voltages that are sums of ramps and steps.
The ramp portion of the waveform is formed by an inte-
grator composed of Rt, C1, A1, and Qt. The slope of the
ramp is controlled by the output voltage of a digital-to-
analog converter (DAC). The ramp is reset by FET Q1. The
step portion of the waveform is generated by two DACs, one
to control the step size, and the second, a multiplying DAC
or MDAC, to control the number of steps. The ramp and step

Ramp Trigger

s-u-ting
Amplifier



Rr

Fig.4, Voltages for the octopole deflection plates arc gener'
ated by eight of these amplifier-DAC combinations'

portions are added together by summing amplifier 42. A
third input to A2 adds an offset signal, which has two main
purposes: to make the center of the raster scan equal to zero
on each plate, and to accommodate offset voltages in A1 and
eliminate any nonlinear portion of the ramp signal. The
output of Az is used to drive one of the deflection plates and
is inverted by A3 to drive the opposing plate. One extra
input to the integrator is included to modify the ramp slope
through R2 in case any interaction occurs between the ramp
and step signals either in the electronics or in the electron
optics.

To accommodate the wide range in operating frequency,
three separate integrator, summing amplifier, and inverter
sections are used, each optimized for operation over one or

lnterferometer
Electronlcs

two decades. The outputs of the various amplifiers are then
selected by multiplexers for final presentation to the deflec-
tion plates. The final waveforms generated by the quad-

rupole electronics are linear within better than 0.1% over
the four-volt deflection range sufficient for a 64x64-g.m
block scan. The raster-scan signals are compatible with the
3-kHz-to-300-MHz 0.5-pm-step data rate.

Octopole Amplifier and DAC
The voltages required by the octopole deflectors are gen-

erated by eight amplifier-DAC combinations. One channel
is shown in Fig. 4. To deflect the electron beam over a
s-mmxs-mm field, a +8O-volt capabil i ty for each deflec-
t ion plate is required. Since the electron beam system's
accuracy and speed are directly affected by the octopole's
accuracy and speed, maximizing these parameters is essen-
t ial.  Accuracy is obtained by using DACs with the highest
accuracy avai lable. The best commercial units achieve
16-bit  long-term stabi l i ty and L7 or 1B bits short-term. The
sett l ing t ime for these DACs is typical ly 7-B microseconds.

To convert the DAC current of 0-z mA to the l8O-volt

signal required by the deflection plates, a high-voltage
amplifier with an B0-kO feedback resistor (Rp) is used. Placed

between the amplifier and the DAC is a cascode circuit
formed by Q1 and ,\1. The purpose of this cascode is to

increase the impedance seen by the high-voltage amplifier

A2. If the cascode were not used, ,A'2 would be affected by

the 3.3-kO output impedance of the DAC (Rlnc).This would

result in an increase in noise seen at the output by a factor of

Rp/Rp46:25 and an increase in the settling time of the

signal by the same factor. With the cascode, the noise gain

of A2 becomes unity, reducing both the noise and the set-

tling time. The cascode section has its own noise effect and

setting time. However, the detrimental effect on the output

Fig,5. Block diagram of one axis
of the two-axis control system that
drives the X-Y stage that carries
the substrates to be exposed. The
stage is positioned with an accu-
racy of 0.016 gn.
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is considerably less than without the cascode. The overall
performance (accuracy and settling times) of the cascoded
amplifier circuit is determined by the DAC rather than the
cascode or the high-voltage amplifier.

Blanker System
The blanker system provides the high-speed intensity

modulation of the electron beam necessary to write patterns
as the beam is moved across the wafer or mask in a raster-
scan fashion. The blanking system is composed of three
main parts: the blanker amplifier, the interconnect strip-
l ine, and the blanker deflect ion plates. The blanking is
accomplished by deflecting the beam into a knife-edge. The
deflection center is placed at a focal point of the final lens so
that, ideal ly, no motion occurs at the target as a result of the
blanker deflection.

The blanker amplifier is a high-speed driver that converts
the ECL input signals to complementary three-volt  levels
suitable for driving the deflection plates. The amplifier
operates from dc to 300 MHz with rise times of approxi-
mately 1 ns and provides complementary outputs.

The stripline is fabricated on a TeflonTM board which is
divided into two sections. A special ly fabricated con-
nector maintains the high-frequency integrity of the strip-
line while providing the capability to remove the blanker
ampl i f ie r  w i thout  unso lder ing  any  component .  Two
vacuum feedthroughs, also str ipl ine, interconnect the
TeflonTM board and the deflection plates.

Stage Control System
The motion of the electron beam system's X-Y stage is

controlled by the two-axis stage control system, one axis of
which is shown in Fig 5. The X-Y posit ion of the stage is
monitored by a two-axis laser interferometer. A third inter-
ferometer channel is used to monitor the rotation of the
stage. The interferometer electronics, consist ing of an
arithmetic/logic unit (ALU), fringe counter, and control
logic, processes the interferometer signals to obtain outputs
of position and position error. The interferometer elec-
tronics, similar to the HP 5501,A., achieves 0.008-pm resolu-
tion and is able to track stage motion up to 10 centimetres
per second.

The servo electronics receives the ZB-bit position error
signal from the interferometer electronics and drives the
motors that move .he stage. The position error signal is
truncated to 14 bits plus sign by a digital l imiter and dis-
played on the front panel. The truncated error signal is
converted to an analog voltage by a special ly designed
digital-to-analog converter (DAC) which achieves precise
voltages near zero without resort ing to expensive, high-
accuracy DACs.

Under control of the host computer, the servo electronics
operates in the fol lowing modes:
: Slew at constant velocity in posit ive directron
. Slew at constant velocity in negative direct ion
r Brake (zero motor armature voltage)
r Coast (zero motor armature current)
r Posit ion control.

Depending on the mode, the control logic section of the
servo electronics selects appropriate input and feedback
signals for the loop f i l ter. For example, in slew mode, a
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reference voltage of appropriate amplitude and polarity is
compared to the tach voltage and the difference is inte-
grated by the loop filter to drive the motor at constant
angular velocity. Similarly, in posit ion control mode, the
DAC output and the tach signal are summed and integrated
by the loop filter to drive the stage position to a zero-error
condit ion. In posit ion control mode the system sett les to
less than 0.1pm error from a S-mm step in less than 250 ms
and the f inal posit ion error is less than 0.016 r^rm.

Lens Drivers and Control
The main function of the lens driver and control subsys-

tem is to provide a focusing system for the electron beam.
The main constraints are stability and ease of use.

The essential features ofthis subsystem are shown in Fig.
6. There are two parts, a control section in the main sys-
tem racks near the operator, and a driver section near the
column.

The control section (lens driver control) is the interface
between the HP 1000, the operator, and the lens drivers. The
control section permits operation in two modes: 1) under
supervision of the HP 1000 and 2J as a stand-alone device.
The latter mode was necessary since the lens system is also
used on column and gun test stat ions, which are physical ly
separate from the electron beam machine. In normal opera-

HP 1000
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HP 1321A Display
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To Other
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Fig, 6. The lens driver and control subsystem provides a
focusing system for the electron beam.

To Lens



tion the control section is under the supervision of the HP
1000. The HP 1000 can transmit or receive data from the
lens driver control and can force the lens driver CPU to
execute either resident programs or programs downloaded
from the HP 1000.

There are three resident programs in the BK bytes of ROM
associated with the lens driver CPU (a ZB0 microprocessor).
The main program allows the operator to change and
monitor the settings of any of the lenses via pushbutton
control from the front panel. The second mode provides an
additional capability of sweeping any pair of lenses in a
raster fashion and providing synchronous sweeps for driv-
ing a display scope. These two modes permit the operator to
focus the column. The third mode is a test mode that allows
the operator to check the analog outputs of the lens drivers.

The lens driver section has a data and control section, a
monitor section, and 13 driver/reference sections. In the
data and control section, the data is received from the lens
driver control and is optically isolated to prevent system
ground loops. The data is then distributed to the appro-
priate reference board on a 16-bit three-state bus. This bus is
controlled by the control and timing circuit, which can
direct the distribution of data or can send to the lens driver
control the ADC (analog-to-digital converter) output, the
contents of any of the latches, or status information from the
control and timing circuit.

The ADC section is used to monitor the analog outputs of
the various lens drivers and lens driver power supplies. A
12-bit ADC is used and the input is selected as directed from
the lens driver control.

Each driver/reference section has a latch to hold the 16-bit
data word received from the lens driver control. The output
of this latch drives a 16-bit DAC which generates a reference
voltage proportional to the desired lens output. The DAC

Faraday Cup

Fig.7. The fiducial mark system conditions signals from
photomultiplier tubes or a Faraday cup within the column. The
system compulers use the conditioned signals to detect fidu-
cial marks on the substrates so that the substrates can be
precisely located.

and all of the analog components were selected with stabil-
ity as the overriding constraint. The drivers are current
sources driven by the DAC outputs. There are several differ-
ent types of drivers to match the various types of lenses.
They vary from unipolar drivers with outputs of several
amperes at up to 40 volts to bipolar drivers supplying only a
few hundred milliamperes into a lens with only a few turns.

Loader Electronics
This subsystem is designed to control both the mechani-

cal system that loads the substrates into the machine and
the associated vacuum equipment. The main element of
this subsystem is the HP 2240 Measurement and Control
Processor which provides the main interface to the HP
1000. This subsystem is characterized by the large number
and many types of sensors and control devices to be inter-
faced, which run the gamut from encoder wheels and LED
sensors to step motors and valves.

Fiducial Mark Electronics
This subsystem is designed to acquire signals from fidu-

cial marks on the substrates and transmit these signals
either to the system operator console in analog form or to
the HP 1000 in digital form.

A block diagram is shown in Fig. 7. The interface to the
HP 1000 is provided by the IiO section. The control section
provides the necessary control and timing signals for the
other sections. This section is active in the nulling of the
preamplifiers and the integrator under the control of the HP
1000, the selection of the signal to be acquired, and in
conjunction with the control link to HAL, the acquisition of
fiducial mark data.

The preamplifiers take a low-level (<1 pAJ signal either
from a photomultiplier tube viewing a scintillator excited
by backscattered electrons from the target or from a Faraday
cup or other current-collecting electrode within the col-
umn. Each preamplifier has a 12-bit DAC that can zero the
output of the preamp under control of the HP f OOO.

The outputs of the preamps are sent to a conditioner
section, where they are summed or differenced with provi-

Fig. 8, Ihe heighl sensor system measures the height of the
substrate within a few tenths of a micrometre.

HP 1OOO HAL

HP 1000
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sion (via another DAC) for nulling the result. At this point a
selection is made among the individual preamp outputs,
the sum, the difference, or ground. The selected signal is

sent to the integrator and the buffer.
The buffer converts the single-ended analog signal into a

differential signal and transmits it to the operator console,
where it is received with a high-input-impedance differen-
tial amplifier. This is to provide ground loop isolation. This
analog signal is used by the system display in the scanning
electron microscope mode.

The integrator provides the ability to average the input

signals from the detectors over a period of t ime and adjust
the amplitude to match the dynamic range of the sample-
and-hold circuit  and tz-bit  analog-to-digital converter that
follow. The integration capacitor can be selected by the HP
1000 to provide ranging over a factor of eOO. A DAC is used
to null the output of the integrator. The integrator time
constant is set by a crystal-controlled clock section and can
be varied from about 1 to 3000 g.s.

Height Sensors
The height sensor system (Fig. B) measures the height of

the substrate relative to a plane determined when the
machine is calibrated. The height must be known to an
accuracy of a few tenths of a micrometre to meet the system
specif icat ions.

The sensor is a capacitive type. A probe consisting of a
center portion and a guard ring is positioned above the
substrate. These elements are excited at 1 MHz and the
capacitance to the substrate is measured. The drive circuit
supplies the 1-MHz signals to the probe and a dc error
signal to the loop amplifier. When the loop is balanced so
that the charge on the probe is constant, a dc signal propor-
tional to the applied RF voltage and therefore the height h is
sent to the data conversion section. The oscillator can be
gated on or off by the control section so that during expo-
sures there are no RF voltages on the probes to cause inter-
ference with the electron beam.

Four of these sensors are mounted around the beam axis.
Thus not only height but also substrate tilt can be measured.
The height sensor system is capable of measuring height
variat ions up to 0.1 mm to an accuracy of better than 0.25
pm when properly calibrated.

Gun Supply
The gun supply powers the field emission electron gun

that supplies the electron beam. The beam accelerating
voltage is provided by a very well  regulated, stable 20-kV
supply. A small  dc voltage to heat the f i lament and up to 4
kV for the first anode (Schottky shield) are provided by
separate supplies which are floated at anode potential.
Monitor circuits are provided to measure the relevant cur-
rents and voltages and transmit them to the HP 1000. Con-
siderable effort was necessary in designing this system to
reduce leakage currents and to protect the system from
damage by arcs.

Operator Console
The opera tor  conso le  i s  the  in te r face  be tween the

operator and the system when i t  is run as a scanning elec-

tron microscope. Inside the console are I iO, control and
front-panel sections that monitor front-panel buttons and
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SAWR Device Fabrication

One of the f irst appl icat ions of the HP electron beam l i thography
system has been to produce high-resolut ion surface-acoustic-
wave resonator devices (SAWRs).

SAWRs with 500-nm and 300-nm cri t ical dimensions have been
produced in  coopera t ion  w i th  the  App l ied  Phys ics  Lab o f
Hewlett-Packard.l  The photographs below show the transducer
regions of two devices; they operate at 1.6 GHz and 2.6 GHz for

the 500-nm and 300-nm devices, respectively.
An art icle deal ing with HP's SAWR technology is planned for a

future issue of the Hewlett-Packard Journal.

Reference
1. P. Cross, P Rlssman, and W. Shreve, ' l \y' icrowave SAW Resonators Fabricaled wlth
Direct-Writing, Electron-Beam Lilhogfaphy, Proceed ngs ol the 1 980 Ultrasonrcs Sym-
oosium
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set displays.
The operator console also generates the analog signals

sent to the system display. The signals are derived from

signals received from other parts of the system. All incom-

ing signals are either optically isolated or isolated by high-

input-impedance buffers to break up system ground loops.
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A Precision, High-Current, High-Speed
Electron Beam Lithography Golumn
by John Kelly, Timothy R. Groves and Huei Pei Kuo

HE ELECTRON BEAM COLUMN used in the HP
electron beam lithography system was developed
and constructed to meet the requirements for an

accurate, high-speed, direct-r,rtite production system. The
requirements for this system called for a beam current of
600 nA to be focused into a 0.S-pm-diameter spot. This is
sufficient current density (306A/cmr) to expose electron-
sensitive resist with a sensitivity of '1. 

l.tClcmz at the system's
full data rate of 300 MHz. This in itself is not difficult to
achieve, but taken together with the need to deflect the
beam at high speed over a substantial area, the problem
becomes much tougher.

The column, i l lustrated in Fig. L, is a short two-lens
system which uses a f ield-emission cathode. This cathode
is a very small ,  br ight source of electrons, which enables the
required current to be focused into a small spot and at the
same time permits large deflections of the electron beam.

Both lenses are magnetic. The gun lens produces a mag-
nified crossover, which is used for beam blanking purposes
(beam switching). The second or final lens transfers the
blanker crossover to the target plane with a working dis-
tance of 20.5 cm. The overal l  magnif icat ion of the system is

1.9x. Beam blanking is done by an electrostat ic deflector.
The wide-angle, high-accuracy deflector is located just

below the final lens and requires B0 volts to deflect the beam
to the corner of the 5-mrn-square deflector field. The high-
speed deflector is positioned inside the final lens and needs
only 2.5 volts to deflect the beam to the extremes of the
64-g,m-square raster-scan field. Between the high-accuracy
deflector and the target is the detector system for locating
fiducial marks. This system detects backscattered elec-
trons and consists of four independent scint i l lator, l ight-
pipe and photomult ipl ier assemblies.

Alignment of the column is achieved by using three sets
of magnetic deflection coils in coniunction with the mova-
ble first lens. The electron gun itself is entirely prealigned.

Dynamic corrections for astigmatism, beam focus, and
position are applied to the column during operation. As-
t igmatism and beam posit ion are corrected by signals
applied to the wide-angle deflector. Beam focus is adjusted
by means of a small dynamic focus coil buried in the middle
of the final lens.

Gun

Lens I

Stigmator 1
Al ignment Coi l  1

Al ignment Coi l  2

Stigmalor 2
Al ignment Coi l  3

Dynamic Focus Coil

High-Speed Deflector

High-Accuracy Detlector

Magnetic Shield
Fig. 1. Column design for the HP
electron beam lithography system
uses lwo magnetic /enses, e/ec-
trostallc beam blanking, and a
field-emission cathode, The elec-
tron gun assembly can be re-
moved from the system for servic-
ing without exposing the lower de-
flection system to the atmosphere.
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Design Decisions
The cathode was a key element in the decision to make a

column of this type. Assuming that a reliable field emission

cathode was available, it appeared possible to make a mag-

nifying column with a large post-lens throw (-20 cm), and

obtain a fairly large, essentially aberration-free deflection

field. Traditionally, field emission cathodes have had many

problems that have greatly discouraged their use in practi-

cal systems. However, high brightness (>107A/cm2/sr) is

avai lable along with a small  source size (<35 nm).

Field emission has also been rejected tradit ional ly as a

source for all except the smallest spot sizes.l Apart from

other practical reasons, the problem was that the specific

emission of most f ield-emission cathodes was relat ively

low. Most focusing systems are severely limited by spheri-

cal aberration, necessitating the use of only a narrow cone of

electrons. While this is compatible with obtaining good

deflect ion propert ies, i t  implies a l imit to the amount of

current that can be accepted from the gun and cathode'

The zirconiated thermal f ield-emission cathode2 now of-

fers high specif ic emission (-2-4 mA/sr), good stabi l i ty, low

noise and Iong l i fe. High specif ic emission is achieved

because a large part of the emission is concentrated into a

single forward lobe. This emitter has been extensively dis-

cussed bv Swanson.' '"
There  is  no  par t i cu la r  d i f f i cu l ty  in  ob ta in ing  an

adequately small  undeflected beam size. Commercial scan-

ning electron microscopes have a spot size that is at least an

order of magnitude smaller than that needed for present-

day electron beam l i thography. The problem is to achieve

the required current and scan field simultaneously' Most, if

not al l ,  electron microscopes are l imited by spherical aber-

ration and diffraction. The current is typically limited by

the cathode performance. The relative performance of vari-

ous cathodes is illustrated in Table I, which gives compara-

t ive current densit ies into a 0.5pm diameter spot at a given

beam half-angle of 2.5 mr.
Since the f ield emission source is capable of producing

such high current densities, one finds that the design con-

siderations are no Ionger the traditional ones. Early experi-

ence with columns of this type showed a steady increase in

spot size with current. Space-charge effects in high-density

Beam Current (nA)

Fig, 2. Theoretical plot of electron beam diameter versus
current for the column used in the HP svstem.
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beams are well known, but simple calculations using the

traditional theories show very small effects. Nor did the

so-called Boersch effects appear to offer a satisfactory ex-
planation of the experimental data, since the measured

energy spread in the beam was always less than 1 eV. It was

recognized that the motion of the electrons through the

column is a stochastic process and was amenable to simula-

t ion on a computer.o
The result ing Monte Carlo calculat ions gave spot sizes

that were found to be many times larger than that predicted
by the tradit ional space-charge-cloud theory. From these
calculat ions i t  is clear that each electron acts on i ts
neighbors and causes small  angular deflect ions, whjch
build up along the length of the column. This form of beam
spreading or broadening occurs when the electrons are st i l l
suff iciently separated in space so that there is real ly no
space-charge cloud at al l .  The electrons in our column at a
beam current of 600 nA are in fact quite well separated
along the beam axis; 25 pm is a typical spacing.

This beam-broadening theory has been well  tested ex-
perimentally, and now forms the basis for the column de-
sign. In addit ion to the broadening, the usual beam aberra-
t ions and effects must be considered. This makes four maior

contr ibutions to the undeflected spot size:
r Beam broadening
r Magnif icat ion of the source
r Spherical aberration
r Chromatic aberration.

The l ist does not include dif fract ion, which is unimpor-
tant for the relat ively large spot size needed in electron
beam l i thography.

Analysis of the spatial broadening data shows that it
decreases as the beam half-angle is increased. This is oppo-
site to spherical aberration which increases as the third
power of the beam half-angle. Since these effects work in

opposite direct ions a compromise is required. The spatial
broadening is also proport ional to the length of the column
and the amount ofbeam current. Thus, we have the ground
rules defined. We need to f ind the shortest column and the
largest half-angle beam that are consistent with optimiza-
tion of the spherical aberration and the required deflector
performance. In addition to this we must provide an inter-
mediate crossover at which blanking can be done.

A theoretical performance curve for the column is shorvn
in Fig. 2. I t  i l lustrates very clearly how the spot size grows
with beam cunent above 50 nA. Individual contributions to
the on-axis spot size at 2 mr beam half-angle are as fol lorvs:

(cont inued on Page 1 8)
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Theoretical Electron Beam Column Performance
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A Precision X-Y Stage and Substrate Handling
System for Electron Beam Lithography

by Earl E. Lindberg and Charles L. Merja

Crucial to the performance of an electron beam l i thography
system is the accuracy with which the substrate to be exposed
can be posit ioned relat ive to the area scanned by the beam. High
accuracy requires an X-Y stage that can be precisely located and
a pal let that permits mounting the substrate in a stable and re-
n a r t r h l o  { a c h i n n

The stage performs the step-and-repeat f  unction of the electron
beam system by posit ioning the mask or wafer for each f ield of
exposure of the column. The stage posit ioning accuracy has
str ingent requirements dictated by the small-geometry capabil i ty
of the system.

The pal let is a frame that holds the substrate. l t  provides a
means of locating the substrate on the stage, protecting the
substrate during handling, and making electr ical contact from the
writ ing surface to the stage.

Mechanical Configuration
In HP's electron beam l i thography system, the key mechanical

components are mounted on a thick (50 mm) horizontal steel plate
as shown in Fig. 1. The electron beam column is placed on the top
face of the plate and the stage and associated lnterferometers are
attached to the bottom face. This plate is also the top wall of the
main vacuum chamber.

The stage is mounted to the bottom of the plate by means of
angled beams. The beams are formed and machined at each end
to al low for misal ignment and to avoid stressing the base of the
stage. The lower rol ler sl ide on the stage provides the Y motion
and is driven by a nut supported on a shaft by eight rol lers, four on
each end of the nut (Fig. 2). The rol lers are placed at a smallangle
with respect to the smooth shaft.  The angle is chosen so that the
rol lers progress along the shaft in a hel ical path and move the nut
5 mm for each revolut ion of the shaft.  The .rol lers are forced
against the shaft by an elast ic arrangement, equally loading al l
rol lers with suff icient force so that the coeff icient of f  r ict ion is large
enough for a stage accelerat ion of 1 g. This nut arrangement is
compatible with the vacuum environment and the requirement for
a backlash-free drive for the closed-loop servo system.

The X motion is provided by the upper set of rol ler sl ides. To
eliminate carrying the drive motor on the lower sl ide as is often
done on conventional X-Y stages, the X-drive nut and lead shaft
are mounted in the base on a separate small  sl ide and are con-
nected by an elast ic arrangement to another small  drive sl ide
mounted on the top plate of the stage. The latter small  sl ide
accommodates the Y motion of the stage and permits coupling
the X motion of the stage to the X-motion drive assembly.

The servo motors that drive the X and Y motions of the stage are
mounted outside of the vacuum chamber, and the shaft motion is
transferred through the chamber walls via ferromagnetic-f luid
shaft seals.

Three plane-mirror interferometers modif ied for high-vacuum
service are used for measuring the stage location: one for Y, one
for X and one to measure small  amounts of vaw. The X and Y

interferometers are mounted on the thick steel plate as close as
possible to the axis of the column. The X and Y interferometers are
also mounted so that measurements are made oeroendicular to
the plane mirrors and al igned with the column axis to reduce Abbe

Fig. 1. Cassette handling system for the HP electron beam
lithography system. Cassettes holding pallets wlth substrates
to be exposed are loaded into the vacuum lock chamber at
uoDer left. The shuttle mechanism across the center of the
photograph loads each pallet in turn onto the X-Y stage /o-
cated to the left of the picture. Pallets with exposed subsfrales
are then collected in another cassefte located in the lower left
vacuum chamber. This chamber can hold lwo cassettes to
allow adequate time for vacuum curing of the exposed reslsf.
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Fig, 2. fhis lead screw design, used to move the X-Y stage,
works well in a vacuum environment and is easy to repatr.

error offset.t  Abbe error offset causes a signif icant error i f  the
al ignment is not correct to within one mil l imetre.

Home Plate and Substrate Pallet
The accuracy of the electron beam system is inf luenced by the

stabi l i ty of the substrate posit ion with respect to the stage. Al l
substrates are mounted in the pal lets with respect to their top
surface. Square glass substrates (photomasks)are posit ioned by
three pads and wafers are contacted by the pal let about thear
entire circumference. Much thought and care was taken to assure
that the X and Y motrons are orthogonal and coupled closely to the
pallet assembly.

The X and Y interferometer mirrors are f lat within an eighth of a
wavelength and are mounted orthogonally within a small  fract ion
of an arc-second to a t i tanium home plate. The quali ty of the X-Y
location depends upon the f latness and orthogonali ty of the mirror
'Abbe error occurs when a lrnear measurement is Derformed at a dislance from the

d imensron be ino  measured

Fig. 3. Several of these assernb/les are used in the vacuum
line from the main cryogenic vacuum pump and the electron
beam system to iso/ate the vibrction caused by the pump. The
U-joint design protects the bellows inside from distortion and
collapse caused by atmospheric pressure and mechanical
misalignment.

assembly. This plate is secured to the X-Y stage by f lexible
mounts that hold the home plate sl ightly above the stage. This
provides suff icient clearance for the mechanism that loads the
pallets on the home plate.

The location of the pal let is determined by f ive points on the
home plate: three gravity- loaded horizontal pads and two pins
that engage a vee and a f lat on the pal let edge. The pal let is held
against these pins by a spherical contactor, whose force is
applied via a toggle mechanism.

Other i tems located on the home plate are targets which permit
cal ibrat ion of the beam-deflect ion system in the column and a
Faraday cup for beam current measurement. Height pads are
also a part of the cal ibrat ion system. These permit checking the
operation of the height sensors, which are four capacit ive trans-
ducers mounted in a square pattern on 25-mm centers attached
to the lower part of the column. The height sensors determine the
height and att i tude of the mask or wafer so the deflect ion mag-
nitude and focus of the beam can be adjusted. This al lows posi-
t ioning of the beam pattern within +0.07l lm without having to
mechanical ly set the distance between the mask or waler to the
column within an impossible-to-attain tolerance.

Loader System
The loader system del ivers pal lets to the X-Y stage for expo-

sure, using cassettes that can hold up to ten pal lets each. A
maximum of four cassettes can be in the loader system at any
given t ime. The system consists of three chambers, each contain-
ing a separate mechanism.

The shutt le chamber is direct ly connected to the main chamber
and is maintained al approximately the same vacuum. Cassettes
are passed into and out of the shutt le chamber via two 25.4-cm
gate valves which are used as air locks to the load and unload
chambers. These two chambers have a separate, high-speed
vacuum pumping system. Cassettes travel up or down in the
chambers on V-shaped ways and rol lers.

Cassette posit ion is monitored by infrared l ight-emitt ing diodes
and detectors. Once a pal let has been init ial ly posit ioned i t  is
del ivered to the home plate on the X-Y stage by the jaw-and-
tongue assembly, which operates l ike a sl ide projector mecha-
nlsm. The law and tongue have V-shaped cuts that match with
chamfers on the pal let.  This al lows the pal let to be l i f ted sl ightly as
it  is grasped by the mechanism, assuring that the pal let doesn't
sl ide on the cassette lands or the locating pads on the home
plate. The jaw-and{ongue assembly r ides on bal l  bearings to
minimize fr ict ion. The assembly has an integral l inkage mecha-
nism which actuates the clamping mechanism on the stage.

Each mechanism in the loader system is powered by an exter-
nal step motor, and the rotary motion is transferred through the
chamber walls via ferromaonetic-f luid shaft seals.

Vibration lsolation
The concept of fastening the cri t ical mechanical components to

a thick steel plate el iminates, to a great extent, the need of placing
the electron beam l i thography system in a seismical ly quiet
environment. Vert ical vibrat ion is adequately reduced by placing
simple air-f i l led rubber vibrat ion isolators under each of the legs.
Horizontal vibrat ion isolat ion, which is more cri t ical for a system of
this type, is provided by external ly pressurized air bearings
placed between the f loor and the vert ical isolators. A cryogenic
vacuum pump that is part of the system is isolated f rom the main
system by mounting the pump to a massive iron plate in direct
contact with the f loor. The vacuum connection is mechanical ly
isolated by using one horizontal and one vert ical section of pipe,
each section having f lexible bel lows at each end. A rol ler-bearing
universal joint bui l t  around each bel lows (Fig 3) prevents i ts
col lapse when atmospheric load is appl ied upon pumpdown. The

#
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result ing assembly is extremely compliant in al l  degrees of free-
dom and effect ively el iminates a potential ly serious vibrat ion
proorem.
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Total chromatic aberrat ion: 0.091 pm

Total spherical aberration: 0.084 pcm

Geometrical spot size: 0.09 pm

Low-current spot size: 0.16 pm

Broadening at 600 nA: 0.48 pm

Spot size at 600 nA: 0.51 pm

Cathode, Field Emission Gun and First Lens

The complete gun structure is shown in Fig. 3. The

cathode is operated at -20 kV with respect to the anode,
providing a field of approximately 2 x 1O7Vicm at the tip of
the cathode. The emission is controlled by an electrode
placed around and just above the cathode t ip. The voltage

applied to this electrode causes a corresponding change in

the f ield at the t ip, and hence controls the emission current.
A bias of 0 to -2 kV is sufficient to vary the current over

three orders of magnitude. Since this control electrode also
serves to reduce thermionic and Schottky emission, i t  is

usually cal led the Schottky shield.
The gun must be a simple, stable, preal igned structure for

control l ing and accelerat ing the emission. I t  is desirable to
get the beam to the blanker crossover without contributing
signif icantly to the spot-size growth other than by geomet-
r ical magnif icat ion of the source size. To do this the elec-
trode structure has been designed to reduce spherical aber-
rat ion. A major contr ibutor in this regard is often the pres-
ence of an aperture in the high-f ield region. In this gun the
anode aperture is set in a well ,  almost entirely out of the
accelerat ing f ield. This aperture is also used to define the
beam half-angle and to prevent unusable beam current from
providing unwanted beam-broadening effects. The total
emission current is typical ly 300 pA and is reduced to the
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600 nA required at the anode aperture.
The beam emerging from the gun is focused by a magnet-

ic lens with large bore and gap, and forms a crossover 6.5 cm
from the emitter with a magnif icat ion of about 1.5x. The
gun is immersed in the lens f ield to achieve some reduction
in the spherical and chromatic aberrat ions.T The lens can
also be moved along the optical axis to change the magnifi-
cation. Horizontal motion and tilt of the lens permit align-
ment of the gun and lens.

Final Lens and Dynamic Focus Coil
The final lens forms an image of the blanker crossover in

the target plane with a magnification of approximately
1.8 x. This lens must have suff iciently low spherical aberra-
t ion and be reasonably easy to make. Low spherical aberra-
t ion and long working distances do not normally go to-
gether. Given f ixed conjugate points and magnif icat ion, the
best lens is a large one. Clearly there are l imits on how size
and convenience are related. In this column a large-
diameter (10 cm) upper pole piece is combined with a
smaller-diameter pole piece which l ini ts the f ield entering
the deflector.

The dynamic focus coi l  is a separate, small ,  2O-turn wind-
ing centered in the upper part of the lens. Thi is coi l  poses
some interesting design problems. I t  must be precise so that
it does not contribute unwanted aberrations that are uncor-
rectable. Most of al l ,  the coi l ,  in coniunction with the driv-
ing ampli f ier, must have a fast sett l ing t ime. Dynamic
focus-coi l  adjustments are made in the interval between
high-speed block scans. The high-accuracy deflect ion cir-
cuits take approximately 10 ps to sett le at a new block
location and the dynamic focus must also sett le within this
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Fig, 3, Cross-section of the electron gun and upper lens
assemb/les-

time. The major settling problems are eddy currents in the
surrounding conducting material and, since the coil is out-
side the vacuum, the time required for the field to penetrate
through the vacuum chamber wall. Careful design has re-
sulted in a worst-case settling time for the magnetic field
of 7 ps.

Deflection System
The wide-angle precision deflector is an octopole, or

eight-fold deflector (Fig. +). It is situated in the field-free
region between the lens and the target and is a means of
obtaining a precisely controlled field distribution.s Used in
its normal mode, the octopole produces a field that is very
close to being uniform. The deflector has low aberrations
and can be tailored to minimize one or more defects. In this
design the major advantages are that it is a reasonably
sensitive deflector which has low abemations, provides a
common center of deflection for both X and Y directions,
and can be made precisely. Present deflectors are made with
an accuracy of better than 0.01 mm throughout. The deflec-
tor is 10.16 cm long and has a 15.87-mm internal diameter.
All critical surfaces are coated with gold to eliminate charg-
ing effects.

The octopole deflector can scan a full 5-mm-square field
with only small dynamic corrections. Typical uncorrected
distortions are close to 2 pm in a well-made deflector.
Astigmatism causes the beam diameter to grow to 1.5 ;m
until the necessary corrections are applied.

The high-speed deflector must scan the beam over rela-
t ively small  distances (-64 pm), and hence requires an
accuracy of O,1,o/" to achieve 0.1-pm tolerances. This deflec-
tion acts like a pertubation on the main deflection field. The
deflector is a simple quadrupole with the four plates ar-
ranged in a cylindrical configuration. It is located in the

center of the magnetic focusing field and is rotated to com-
pensate for lens rotation effects. Capacitance between the
plates is of key importance, and is normally less than 10 pF.

Blanker
The beam blanker was probably one of the hardest com-

ponents ofthe system to design, and it is certainly one of the
most important. To achieve patterning of the wafer or mask,
the beam must be turned on and off at a rate much faster
than the data rate of g0O MHz. With a pixel exposure time of
3.3 ns and a need to define the exposure level within 2%,the
problem is a difficult one. Actually the toughest problem is
to guarantee that the exposure falls in the right place during
the transitional periods when the beam is switched. In
addition, a beam-current attenuation factor of at least i.0s is
required to guarantee that unwanted exposure does not
occur on the mask or wafer during settling periods.

A proprietary blanker design has been developed which
meets the required performance specifications. The design
uses an electrostatic deflection system to deflect the beam to
a knife-edge. To facilitate stationary blanking the blanker
plates are positioned symmetrically about a crossover.
Viewed toward the blanker from the target, the crossover
appears to be stationary when the beam is deflected toward
the knife-edge. When the final lens forms an image of the
crossover on the target, the image is also stationary.

Fig.4, Octopole assembty. This unit deflects the beam with
high accuracy and is used to direct the beam to each of the
64-pn-square raster-scanned blocks in the svstem's S-mm-
square field-of-view.
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Mechanical Design
The mechanics of the column and i ts magnetic shielding

are fair ly complex. Because of the short length of the col-
umn, al l  of the parts interact. For example, the lens f ields
extend through the whole of the column, except for the
octopole region. The structure does not permit magnetic
shielding to be posit ioned inside these components where
it  would interfere with the lens f ields. In addit ion, magni-
fying columns are usually dif f icult  to shield and this one is
no exception. A shielding factor of 50 dB is required to
gua-rantee stabi l i ty in an ambient ac f ield level of 2x1.o /

Wb/m". This is achieved by using a double-layer magnetic
shield, one layer of which passes through the vacuum
chamber wall  to shield the lower column.

In the center of the column below the blanker there are
two valves. These provide a 3.18-mm clearance hole for the
beam to pass through when open, but, when closed, permit
the column to be spl i t  in two for servicing. The normal
mode for electron-gun servicing is to replace the upper
column. The spare gun and i ts cathode are activated and
adjusted on a separate test stat ion.

The upper column contains no O-rings and the vacuum
wall is constructed of welded and brazed stainless steel.
The electron gun is evacuated by two 60-l/s vacuum pumps
and the blanker section by two 30-l/s pumps. The entire
lower column is evacuated bv the 400-l/s main-chamber
ion pump.
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Software Control for the HP Electron
Beam Lithography System
by Bruce Hamilton

HE MANY ELECTRONIC and mechanical pieces
of HP's new electron beam system are unif ied and
offered to the operator by a large and complex soft-

ware  package.  Th is  package g ives  the  opera tor  sev-
era l  modes o f  sys tem opera t ion  and per fo rms event
sequencing and system cal ibrat ion.

Operator Interface
The operation of the electron beam system is almost com-

pletely interactive. At the top level, the user is presented
with a prompt, and can request any of the operating modes
(discussed below) or can type HELP. In the latter case
the user is given a list of legal commands. The operator
need type only enough of any command to dist inguish i t
from the others.

The following is an example of operator-system interac-
t ion. The port ion of the left  column printed in black is
typed by the computer. The operator's responses are printed
in color. The r ight column tel ls what is happening at each
srep.

: i  l  5 i ,  r ' r l r l \ ^ i< SKYHAWK is the entrance to the
system.

Hello-hope you are havrng a good day.
SKYHAWK> il(l\i G i.iill: At this level the operator is prompted

with SKYHAWK>. The operator
chooses CONFIGURE mode (which
manages pattern files).
Configure mode prompts with
CONF>. The operator asks for a
list of commands.

The user works in this style down through several levels,
until there are few choices left, but the system still needs
more information. At that point the system takes the initia-
tive and prompts the operator for information. For example,

Hl:, 
* what happens when the operator asks for an expo-

Hardware Interface
The control software is built on HP's RTE (Real-Time

Executive) operating system for HP 1000 Computers. That
system provides convenient and controlled access to all
standard peripheral devices, and we use it for that purpose.
For custom-built devices it is more convenient to go "be-
hind the operating system's back" and make our own access

directly. RTE makes this fairly easy.
Each piece of hardware has a software driver which con-

ceals any complexity in the way the device communicates
and offers a friendly protocol to the system software. For
example, to move the X-Y stage to a given posit ion requires
these primit ive operations:

r  Te l l  the  in te r fe rometer  we are  go ing  to  load an
X-posit ion.

r Load the X-posit ion.
r Tell the interferometer we are going to load a Y-position.
r Load the Y-posit ion.
. Tell the stage servo to track the interferometer position in

both the X and Y direct ions.
The stage/interferometer driver performs all these actions in
response to the command, Move To (X,YJ. In the same opera-
t ion i t  also returns the new stage posit ion and status and the
yaw of the stage at the new posit ion.

These drivers constitute a layer of the system software
that serves two isolation purposes. It conceals the complex-
ity of the hardware, and it isolates the portions of the elec-
tron beam system that operate outside of the RTE operating
system. Everywhere else the hardware appears to have a
simple and logical instruction set, and the operating sys-
tem's rules for IiO are obeyed. By staying within the operat-
ing system we have enjoyed relatively troublefree compati-
bility through three generations of RTE (II, III and IV) , with
attendant improvement in development and debugging
tools.

Operating Modes
There are several modes of operating the electron beam

system, each oriented toward an operator's task, and each
entered by typing its name to the top level of the system
software.

Expose Mode
The f irst mode, expose mode, is the mode in which a set of

wafers or masks is written. The operator is asked for the
sensit ivi ty of the resist and the name of a f i le describing the
layout of chips, and then the system fol lows these steps:

1. I f  necessary, the system al lows the operator to load a
cassette of substrates into the load airlock.
A substrate is carried from the cassette to the stage.
If  this is the exposure of the second or higher level on a
wafer, a locator pattern is found on the wafer, showing
the wafer's position and orientation.
A survey is made of distort ions in the substrate surface.
Correction factors are computed to rectify the distor-
t ions.

6. The electronics are configured for the proper exposure
dosage.

7. I f  necessary, the pattern to be writ ten is read from disc

CONF>  !F t - t l

# SUBSTRATES TO BE
PROCESSED:

RESIST SENSITIVITY IN
MICROCOULOMBS/SQ CM:

IVASK SET NAME? (UP TO
6 CHARS)

The number of masks or wafers

of  a g iven type.
The sensitivity of the electron
resist on the substrates.
The name of a file describ-
ing the layout of chips on

the substrates.
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into pattern memory.
B. The X-Y stage is moved to center the f irst chip's loca-

t i o n  u n d e r  t h e  b e a m  a x i s .
s. I f this is the exposure ofthe second or higher level on a

wafer, f iducial marks are found around this chip, giv-

ing i ts exact posit ion and orientat ion.
10. The exposure takes place as fol lows:

a. The location of the f irst 64-pm block is computed,

taking distort ions into account.
b. That address is sent to the octopole plates.

c. The pattern is made ready at the output of the

pattern buffer.
d. The quadrupole sweep is started.

e. While the sweep is underway the location of the

next block is computed.
f.  The process from (b) is repeated unti l  the entire

oc topo le  f ie ld  o f  v iew is  exPosed.
11. The process from (6) is repeated unti l  the entire sub-

strate is exposed.
12. The substrate is unloaded from the stage and returned

to the cassette.
13. The process from (2) is repeatedunti i the eni ire cassette

of substrates has been exposed.
14. The operator is al lowed to remove the cassette from the

unload air lock.

Pattern Format Conversion Mode

The circuits that the electron beam system produces are

designed on other computer systems and stored on disc

f i les in standard formats. In pattern format conversion

mode the operator asks for a circuit  pattern f i le to be con-

verted from Electromask format* into electron beam inter-

nal format. That process is discussed in the art icle on page

2 4 .
In this mode the operator can also move pattern f i les from

medium to medium and machine to machine, and can

purge f i les.

x 
Develooed bv Eleciromask Corp

Signal Source

0PrRA-rc' l t  cON50Ll

Signal
Averaging

Rotation

Substrate Layout Mode
This mode al lows the operator to specify before an expo-

sure which patterns are to go on a substrate, and where. The

substrate can be covered with a single pattern repeated in a
rectangular or circular array. In addit ion, the operator may

ask that test patterns be substi tuted into the array.
The array may be shif ted in any direct ion, as may any

elements in i t .  The array, or any elements in i t ,  may be

expanded or shrunk by a small  amount, and the exposure
levels of the elements can be varied. One option provides a
progression of exposure levels across the array. This is

useful for f inding the optimum exposure for a part icular

resist or process.
This mode is the only one that is not interactive. The

operator prepares a f i le in an English-l ike language, de-
scribing the layout of the substrate and gives i t  to the sys-
tem. The machine produces a picture of the substrate for the
operator and a f i le for the machine to read at exposure t ime.

Scanning Electron Microscope Mode
In this mode the beam is scanned over i ts f ield of view and

the intensity of backscattered electrons is displayed on a
CRT. The scan is performed by the high-speed processor
(HALI, and the processing of the signal intensity is done by

the  f iduc ia l  e lec t ron ics .  The sys tem so f tware  sends
parameters to HAL and the f iducial electronics in response

to the sett ing of the operator panel.

Fig. 1 shows the operator panel. The system continuously
pol ls the panel, and when any sett ings change, sends new
parameters to HAL. The scan then changes on the next

cycle.
The operator also has control of the stage in this mode,

and can send i t  to an address entered by the operator or to a
prestored address, or some distance from the current ad-

dress. The current posit ion can be displayed or stored for
future use.

This mode is implemented as three concurrent processes.

One reads the terminal, one pol ls the operator panel and

controls the scan parameters, and one drives the stage. The

Magnif icat ion

. !!'l"'iii ""

Stage
t ion

Fig.1. The operator Panel of the
HP electron beam l i thograPhY
system.
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process that polls the panel runs continuously. The process
that reads the terminal is always present, but is usually
waiting on the terminal. The process that drives the stage is
spawned only when the operator requests a stage move, and
it dies when the move is complete.

Stage moves are complicated by the fact that we want the
scan to stop while the stage is moving. Not only do we not
wish to see a blurred picture, but sometimes we want to look
on either side of a region we do not want to sweep the beam
across. When the operator wants to move the stage, this is
the sequence of events:
1. The operator requests a stage move at the terminal.
2. The terminal process interprets the command and

spawns the stage process, passing it the desired address.
3. The stage process comes to life and sends a message to

the scan process, requesting permission to move the
stage.

4. The scan process, on receiving the message, waits for the
current scan to complete, then stops scanning and sends
a message to the stage process, granting permission to
move the stage. It keeps polling the panel.

5. The stage process moves the stage and displays the new
stage address at the operator's terminal.

6. The stage process sends a message to the scan process
saying that the stage has finished moving.

7. The scan process resumes the scan.
B. The stage process dies.
9. The terminal process issues a new prompt and waits for

the operator to type something new.
When the operator types END, the terminal process sends

a message to the scan process. That process waits for the
current scan to complete and then dies. The terminal pro-
cess then surrenders control to the top-level program.

This mode provides both a highly linear scanning elec-
tron microscope and a valuable instrument for testing the
machine itself.

Calibrate Mode
In this mode the operator can ask the system to run any of

the calibration routines. At the end of a calibration the
results are displayed, and if thb operator so chooses, the
system parameters are updated with the new results.

This mode serves not only to collect the calibration opera-
tions into one place for operator convenience, but also to
protect the calibration data. This data can be changed only
through overt action by the operator, and only in a mode
intended explicitly for updating those parameters-this
mode and system parameters mode, discussed below.

System Parameters Mode
Global information about the system is maintained by a

package called the system information facility. This infor-
mation includes such things as the correction function for
the octopole, the stage address of the substrate center, and
the beam voltage. It is kept in a central location so that when
it changes only a single copy needs to be updated.

The parameters can be read and written by system pro-
grams, and also by the operator. The operator's access is
useful for looking at the state ofthe system and for testing.

Unlike the usual forms of shared data, the system infor-
mation facility provides substantial control over the infor-

mation it manages. Access to a data item is made by an
explicit call to an access manager giving the name of the
data item and the name of the requesting program (or the
operator's initials). This makes it unlikely that the program
will refer to a global item by mistake, or to the wrong item,
and it shows us who last changed each item. The informa-
tion is kept in a push-down stack, giving us a short history
and letting us undo changes if necessary. A data item can be
locked; when any unauthorized program asks for access to
it, that program is frozen and the operator is notified. Fi-
nally, the facility can be asked to keep a log of all requests,
together with the name of the requestor, the value of the
data item, and the date and time. The operator can enter
comments into this log. The log and the ability to lock an
item are powerful debugging tools.

StarUEnd Mode
Upon system startup or termination a user-definable col-

lection of programs is run. This lets the user update records,
open or close files, etc. It allows us to start and finish with
the hardware in a known state.
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Pattern Data Flow in the HP Electron
Beam System
by MichaelJ. Cannon, Howard F. Lee, and Robert B. Lewis

I  N  HP'S ELECTRON BEAM LITHOGRAPHY sys-

I tem, the task of the format conversion path is to trans-
I form a pattern that is specified in some external form in-

to a stream of bits that will control the electron beam ex-
posure at each point, or pixel, on the target mask or wafer.
The number of bits required for a s-mm x s-mm square (one
pass, or octopole f ield of view) is about 108 (12.5 megabytes)
and is about 4x 1010 bits (5.5 gigabytesJ for a 10 x mask the
size of a full 13-cm wafer. The sheer bulk of the pattern data
creates problems with its storage and transfer, and the
speed of the transformation is also critical.

Data storage and transformation from the external rep-
resentation is done by a computer system that includes an
HP 1000 F-Series Computer with HP 7906 and HP 7925 Disc
Drives, anHP 797O Tape Drive and about a million words of
main memory. The conversion software runs under HP's
RTE-IVB operating system and is written mostly in C and
ALGOL.

Fig. 1 shows the major steps in the process. The first step
involves copying the pattern data from a nine-track magne-
tic tape to files on the 7925 Disc Drives. This is done under
control of an access method software package that main-
tains general housekeeping information about the patterns.
The remainder of the path is designed to accommodate two
basic factors: the sequence of the raster-scan exposure pro-

cess and the pattern data compression format.
The hierarchy of pattern exposure is shown in Fig. 2. A

pixel is the smallest addressable area that can be exposed. A
block is a quadrupole field ofview and is 128 pixels square.
A stripe is a column of up to 78 blocks, and a pass (octopole
field of view) is a row of up to 78 stripes. The order of
exposure is pixels within a block, blocks within a stripe,
stripes within a pass, and passes within a chip.

The input format for the initial implementation is the
Electromask optical pattern generator format.* Although a
number of external formats are used in the industry to
describe patterns, this format is widely used within HP. The
Electromask magnetic tape input format specifies a pattern
as a series of rectangles, or flashes, of varying locations,
widths, lengths and rotations.

Clipping
In the second step of Fig. 1, Electromask flashes are first

broken up (clipped) into objects that are contained within
stripes. Details of the Electromask format are isolated up-
stream of this point; this will make accommodation of al-
ternate input formats a relatively simple task. When the
Electromask flashes Erre square with the X-Y axes the inter-
mediate objects are also rectangles whose sides are square
with the axes. Otherwise, the clipped objects are a restricted
form of trapezoid that have left and right edges parallel to
* Developed by Electromask Corp.
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str ipe boundaries. Str ict ly speaking, this special form
would not be necessi ly since the trapezoids could be re-
placed by a set of rectangles of unit pixel width, but the
trapezoids provide a more compact representation for the
intermediate form.

As each ob;'ect-rectangle or trapezoid-is produced by
the cl ipping routine i t  is placed in a bin according to i ts pass
and stripe. Each bin has an internal memory buffer, and
when the buffer for a stripe fills up, it is written out to a file
on one of the 2925 Disc Drives. Bin buffers need to be large
enough for at least a disc sector (128 words), and for effi-
ciency we would like them to be several times larger than
that. RTE-IV gives user programs access to memory outside
their normal 32K-word address space by providing func-
tions to remap parts of the virtual address space to an
extended memory area (EMA) of the physical memory. The
bin buffers are kept in an EMA partition, so the number and
sizes of the buffers are limited not by the 16-bit virtual
address space but by the size of the memory partition the
conversion program runs in.

Bin buffers for each stripe of a full pass require at least
1OK words (7Bx12B words). For a pattern that spans only a
few passes this is easy to accommodate, but in the case of a
10 x maskthat mayspan al l  441 passes wewould need more

Exposure EBIC
System

EBX = Electron Beam External Format
EBI = Electron Beam Internal Format
EBIC = Electron Beam Internal Compressed Format

Fig. 1. The format conversion path in HP's electron beam
lithography system converts an integrated circuit pattern data
file into a bit stream that turns the electron beam on and off to
write the oattern on a resist-coated subsfrate.



than four million words of buffer space. In this case we do
the clipping by pass and stripe as before but use coarser bins
(say, by pass only) as we write the objects to disc. An
additional step is used to make the finer bin separations as a
preliminary to the next step of the conversion. In this next
step, the rectangles and trapezoids for each pass and stripe
are put in a format called electron beam external (EBX),

which is the input to the next phase of the process, CRUNCH.

Electron Beam Internal Formats
The average feature size for most patterns is large com-

pared to the pixel size, especial ly for 10x masks, so i t  is
more efficient to store patterns in a compressed form. In this
form, called electron beam internal compressed IEBIC), pat
terns are represented as a set of rectangles, which are con-
verted in real time to a stream of bits that controls the
exposure. The decompressot, the hardware that does this
conversion, is described later in this article.

EBIC rectangles are always described in terms of integer
numbers of pixels. The compression scheme works within
stripes and the restrictions on EBIC rectangles are that the
sides be parallel to the X and Y axes, that each rectangle be
contained within a single stripe, and that within stripes
rec tang les  be  ordered by  the i r  lead ing  edge [ lowest
Y-value). Rectangles may not overlap.

As pattern geometries become finer, compressed format
begins to lose its advantage over a pure bit map representa-
tion. The crossover point comes at about 2.4 million com-
pressed format rectangles in a 9984x9984-pixel octopole
field, which corresponds to a checkerboard with features
4.6 pixels on a side. Although a checkerboard is not a
typical situation, patterns with angled figures do tend to
generate a lot of tall, thin compressed-format rectangles.
Beam and pixel sizes and pattern geometries can be ex-
pected to shrink, and it remains to be seen whether it will be
advantageous to use an uncompressed format for some pat-
terns.

Conversion to Compressed Format
In the part of the data conversion known as CRUNCH

(step 4 in Fig. 1), three things are done:
1. Trapezoids are translated into a series of rectangles.
2. Overlaps are eliminated.
3. Rectangles are converted to EBIC format.
A rectangle is described by an X-start, an X-end, a Y-start

\- - New
(oveTlaps)

I

Unchanged

Fig, 3. An example showing how a new rectangle that over-
laps rectangles already slored causes the splitting of the new
andlor old rectangles to eliminate the overlap.

and a Y-height. Y-start and Y-height are fourteen-bit quan-
tities, while the X dimensions require seven bits each for a
total of 42 bits per rectangle.

During conversion from EBX to EBIC all figures within
each stripe are arranged in a list in ascending order by
leading edge. The list of rectangles is maintained in EMA.
As each new figure is inserted into the list, it is checked for
possible overlap with figures already in the list. If an over-
lap exists, then either the figure in the list or the new figure
is split up to eliminate the overlap. Cases of overlap are
categorized into one of 16 types and are handled accord-
ingly. One example of an overlap is shown in Fig. 3a. The
newrectangle being added is shown in dashed lines. In Fig.
3b the overlap is resolved by splitting the existing figure
into two and the new figure is inserted in the list.

Because the fragments of the split rectangles are parts of a
rectangle already in the list there is no overlap with other
rectangles in the list so they can be put in the list without
further checks. The new figure must be checked against the
rest of the list for overlap.

EBIC rectangles are written to a pattern disc file and from
there into the 128-bit-wide electron beam pattern memory
in sets of three. Each rectangle is represented by 42 bits,
so three rectangles fit into 128 bits or eight 16-bit computer
words.

11 
\r*--'I

\ \*--I
\___I

Unchanged

\
tr\t- ltt

\ \____I)
\ t _.____IJ

C h i P +

Block

Stripe

Fig.2, The ordet of pattern exposure ls pxels within a block
(128x128 pixels/, b/ocks within a stripe (a column of up to 78
blocks), stripes within a pass (a row of up to 78 stripes), and
passes within a chip. Each block of 1 28 x1 28 pixels is 64 pn
sQuare.

Rectangles are output as the
raster passes by them

--+ -Raster  L ine

\- New rectangles are added to
the list after overlap adiustment

Fig. 4. Another algorithm for overlap removal uses a rasler
scan method.
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As we begin to deal with larger numbers of compressed
format rectangles per pass the present algorithm for overlap
removal may prove to be too slow. The number of compari-
sons between rectangles is about n2l4 where n is the number
of rectangles in a stripe. A new algorithm has been de-
veloped and will be implemented when needed. This al-
gorithm requires only about n3t217g comparisons. This
procedure requires that the rectangles first be sorted by
Y-start, but the time needed for this is only a linear function
of the number of rectangles. A coarse radix sort is followed
by a finer distribution count sort.l The rectangles for an
entire stripe can be kept in EMA buffers so no extra I/O is
used for the sort. To check for overlaps a raster is passed
from the top of the stripe to the bottom, and as this is done a
list is maintained of the rectangles crossed by the raster (see
Fig. a). As the raster is moved down, new rectangles
touched by the raster are checked for overlap with figures
already in the list and are added to the list. Rectangles in the 

'

list that are no longer crossed by the raster are removed from
the list and output. This gives a stream of nonoverlapping
rectangles ordered by Y-start locations. The order is de-
scending, rather than ascending as eventually presented to
the decompressor. The list of current rectangles can have no
more than 128 elements, and can be kept within the virtual
address space of the conversion program so that checks
within the list are quicker than if the list were kept in EMA.

The Decompressor
The decompressor takes the 42-bit rectangle declarations

of EBIC and generates the corresponding 128-bit wide
stripes. Since the decompression has to be done in real time,
a parallel approach is used to generate the required bit
pattern. A bank of 128 14-bit presettable up/down counters
is used to construct the bit pattern. The counters are con-
nected as presettable down counters. The cany-out signal
for each counter remains high if the content of the counter
is nonzero.

A block diagram of the decompressor is shown in Fig. 5.
The 128 data counters and the Y-address counter are in-
itialized to zero at the beginning of each stripe. Each input
42-bit rectangle declaration is separated into its four com-

Fig. 5. Ihe decompressor takes rectangles in electron beam
internal compressed format and generates 128-bit-wide
slr4les.
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ponent fields. The Y-start field of the current rectangle is
compared to the value of the Y-address counter, which
points to the current row-the next 128-bit data pattern to
be output. If there is no match a 128-bit data pattern word
from the counter carry outputs is sent to the shifter/buffer,
the Y-address counter is incremented, and all the data
counters with nonzero contents are decremented.
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This continues until a match exists between the Y-start

field of the next rectangle and the Y-address counter. Then

the data counters from the X-start to the X-end are loaded

with the Y-height..The other data counters' contents are

unchanged. A new rectangle declaration is then fetched

from pattern memory and is checked for a match against the

Y-address counter. This sequence continues unti l  the

Y-address counter reaches the end of the sbipe.
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Calibration of the HP Electron Beam
Lithography System
by Faith L. Bugely, lan F. Osborne, Geraint Owen, and Robert B. Schudy

HE HP ELECTRON BEAM LITHOGRAPHY SYSTEM
has a specified writing accuracy over a 125-mm-
square substrate of -r0.07 pm. Calibration of the X-Y

stage and the electron beam deflectors is necessary to meet
the positional accuracy requirements. Calibration of the
deflectors is also necessary to maintain the beam spot dia-
meter of 0.5 p,m over a s-mm-square field. There are five
major factors that make such calibration necessary.

1 Nonorthogonality and curvature of the X-Y stage inter-
ferometer mirrors

a Errors in interferometer beam alignment

. Vertical motion of the stage as it moves horizontally over
its ways

I Electron optical aberrations of the octopole deflector

1 Gain and offset variations, which change as functions of
writing speed, in the high-speed quadrupole deflection
circuits
The primary objective of the calibrations is to map the

various fields of view onto the mask or wafer in a way that
minimizes butting errors between the fields. Other objec-
tives are repeatability of the written patterns in spite of
mechanical and electrical variations, and absolute accuracy
of the electron beam position relative to the mask or wafer.

The ca l ib ra t ion  procedures  must  be  fas t  to  reduce
downtime. This rules out any manual scheme, hence the
one used is completely automatic. Besides speed, automatic
operation ensures that the calibration process is repeatable
and operator- independent.

One of the fundamental calibration problems is that no
two-dimensional measurement standard of suff icient accu-
racy is available. This problem has been solved by produc-
ing such standards at Hewlett-Packard using the electron
beam system. The standards consist of 12s-mm-square
plates on which a matrix of marks has been written, together
with an accurate descript ion of the posit ions of the marks.
The isotropic scale of this descript ion has been made con-

sistent with the one-dimensional length standard of the

United States National Bureau of Standards.
Calibration of the electron beam system is a sequential

process: the stage is calibrated relative to the calibration

plate, the octopole deflector is calibrated relative to the

stage, and then the quadrupole is calibrated relative to the

octopole.
During the exposure of a substrate, the calibration func-

tions described here are applied. In addition, it is necessary

to measure and correct for stage height, tilt, and yaw fluctu-

ations, together with substrate distortion if the second or

higher level of a semiconductor wafer is being written di-

rectly. These additional corrections are not described in

this article.

Calibrating the Stage
If one views the stage as a r igid body, i ts posit ion in space

has six degrees of freedom. These degrees of freedom are

represented in terms of X, Y, and height posit ions, and

pitch, rol l ,  and yaw angles. Al l  are sensed, and the X and Y

positions are servo controlled.
The stage calibrations determine the calibration func-

t ions which map the sensed values for X, Y, and yaw into

the true X, Y, and yaw values. The stage calibrations also

characterize the pitch, rol l ,  and height variat ions in the

stage as i t  moves in X and Y.

The six functions necessary to calibrate and describe the

stage, one for each degree of freedom, are described as

polynomials in the X and Y coordinates of the stage. The

stage is calibrated in X and Y by fitting polynomials (P* and

Pr) to the difference between the true stage coordinates (x,,

yj and their apparent values (*", y"). Thus x1 : xu * P* (xu,
yu) and yt : ya + Py (xa, y"). Because the calibration func-

tions vary slowly, aird the calibration is small compared to

the stage dimensions, P* [x", y") - P* (xt,  yt).  That is, the

difference between the apparent and calibrated stage coor-
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Fig. 1. Magnifi ed portion of the cali bration pl ate. This ar ray of
fiduciat marks ls used to map the area covered by the X-Y
stage for calibration of stage position and yaw.

dinates does not matter with regard to the calibration func-
tions. Then the calibration functions can be inverted so that
Xa : Xt - P* (xt, yj and ya : yt - P, (xt, yj. These expres-
sions are used by the stage calibration software to obtain
corrected values from desired true values.

The X-Y stage calibration takes place in three phases, a
bootstrap calibration, a scale correction, and a routine cali-
bration. The bootstrap calibration simultaneously cali-
brates the stage and determines the locations of fiducial
marks on a stage calibration plate. A second calibration
determines the average scale error in the stage. The results
of the bootstrap (described later in this article) and scale
calibrations are combined to produce a correct description
of the location of the fiducial marks on the calibration plate.
This p late and i ts  descr ipt ion are used as the two-
dimensional metrology standard in a simpler procedure
used for routine calibration of the staee.

Calibration Plate
The main design requirement for the calibration plates is

geometr ic  s tabi l i ty .  Geometr ic  s tabi l i ty  dur ing the
bootstrap calibration procedure is the basis of that proce-
dure. The scale calibration depends on the stability of the
plate, because the plate is used to transfer the NBS mea-
surements to the electron beam system. After the plate is
calibrated, it must also exhibit long-term geometric sta-
bility to preserve the accuracy obtained with these two
procedures.

The calibration plate, which is supported at three points
to minimize mechanical deformation, has a long thermal
time-constant when it is under vacuum in the system. A
thermal expansion as small as one part in ten million will
degrade the calibrations. In the absence of a means to con-
trol or monitor the calibration plate temperature, selection
of a substrate material with a very low thermal expansion
coefficient is the only way to maintain plate dimensions.
The substrafe material for the X-Y stage calibration plate is a
ceramic glass that exhibits a thermal expansion coefficient
within +0.05 ppm/'C near room temperature.
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The stage calibration plate is also used to determine the
pitch, roll, and height variations in the stage, so it must be

very flat. Its working surface is polished to the quality of a
good optical flat. Maintaining this flatness in spite of gravi-

tational sag and the stresses introduced by the mechanism
that holds the plate to the stage requires that the plate be as

thick (typical ly 6.35 mm) as the machine wil l  accommo-

date. In some circumstances special holders are used to

allow sufficient thickness.
A pa t te rn  o f  go ld  f iduc ia l  marks  on  a  chromium

background is fabricated on the flat surface of the calibra-
t ion plate using standard thin-f i lm technology methods. A
port ion of a cal ibrat ion plate is shown in Fig. 1. The stage

calibration uses three sets of features in this pattern. The

coarsest lines in the pattern form the coarse-scan fiducial
marks. These marks are easily found by the fiducial-mark
finding routines (see box on page 34), even though large
uncertainties exist in the position of the marks. The arms of
the coarse patterns are interrupted at their intersection by
an octagonal beam-shape-measurement structure (Fig. 2),
which is not used in the stage calibration. Within this octa-
gon lie fiducial marks with S-g.m-wide arms. The X-Y stage
calibration depends upon these marks.

Midway between each of the large fiducial arms are lines
broken where they would cross other perpendicular lines.
These interrupted crossings are optical fiducial marks. The
two segments of the interrupted line serve as alignment
marks pointing to a segment of the unbroken line between

them. Some of the stage calibration plates are sent to the
NBS, where the distances between these marks are deter-
mined by  semiautomat ic  one-d imens iona l  measur ing
machines of known scale. These same distances are mea-

sured again by the electron beam system to determine the
isotropic scale error.

Bootstrap Calibration Procedure
The essence of the bootstrap calibration procedure is to

use the same measuring machine (X-Y stage, interferome-

ters and electron beam) to measure the same object in differ-

ent orientations. When the object is moved with respect to

the stage, apparent differences in measurements are reflec-

tions of the inconsistencies in the measuring machine be-

cause the object, the stage cal ibrat ion plate, is the same.

If the substrate could be placed on the stage in arbitrary
posit ions and orientat ions, this method would make i t  pos-

sible to calibrate the stage in every respect except scale,
which must, of course, be derived from a standard. The

stage will accommodate maximum-size square substrates
in four positions that differ by 90'rotations. As a result the'
bootstrap calibration procedure cannot detect, and hence

cannot correct, fourfold rotationally symmetric errors in

the stage. Increasing the number of different orientations of

the calibration target on the stage increases the order of

symmetry of undetected errors. Applications requir ing

calibration of less than the full square area of the stage can
use the same bootstrap software system with translations
and/or more rotations.

The calibration target bears a square matrix of 25 rows of

25 replications each of the fiducial mark pattern. The 625
patterns are measured automatically using the beam and

the fiducial mark system. Using the stage, each mark is

moved beneath the beam axis and the octopole is used to



locate the mark relat ive to i ts expected posit ion under the

axis. The stage posit ion and beam deflect ion at which each

mark is found are recorded. The cal ibrat ion plate is re-

moved from the machine, rotated, reinserted, and the appa-

rent posit ions of the f iducial marks recorded. This proce-

dure is repeated for al l  four 90" rotat ions.

Computer programs are used to accept the data from these

views and determine not only the posit ions of al l  of the

marks on the cal ibrat ion plate, but also cal ibrat ion func-

tions for the stage. In the example above, this involves the

determination of 1250 f iducial mark coordinates and 50

stage cal ibrat ion function parameters' The cal ibrat ion can

be viewed as a minimization of the apparent cal ibrat ion

er ror  as  a  func t ion  o f  these var iab les .  The quant i t y

minimized is the sum of the squares of the distances be-

tween the apparent and model-predicted locations of the

fiducial marks, in al l  of the orientat ions.
The detai ls of the algori thm are beyond the scope of this

article, but the results of the calculation are straightforward

and the important point is that, while the results of the

calculat ion are identical to those acquired by the minimiza-

t ion of squared-distance error, the calculat ion is direct

rather than iterative, and can analyze the bootstrap stage

calibrat ion measurements in less t ime than i t  takes to col-

lect the data.

Routine Stage Calibrations
In contrast to the bootstrap procedure, which requires

rotating the calibration plate on the stage, the routine cali-

bration is readily integrated into the processing stream by

substituting a previously calibrated calibration plate for a

substrate to be written. The routine calibration can restore

more effect ively the metrology of the stage than the

bootstrap procedure can determine it absolutely, because

the routine calibration, which is based on the calibration

plate as a standard, has no undetected error components

such as the fourfold rotationally symmetric error compo-

nent of the bootstrap procedure.

The stage rotates slightly as it moves along the ways, and

this stage yaw is a nonrepeatable function of the stage

position. The yaw angle must be determined each time the

stage is moved so that the octopole and quadrupole deflec-

t ion can be rotated to match the stage. This yaw angle, the

angle between the octopole coordinate system and the stage

coordinate system, is also measured and corrected in the

octopole calibration. The stage calibration includes com-

ponents of the general system calibration that are depen-

dent on stage coordinates. I f  the stage-dependent compo-

nent of the yaw angle is represented as a polynomial in

stage coordinates, then the constant term belongs in the

octopole cal ibrat ion because i t  does not depend on stage

coordinates. In other words, the average yaw angle is part of

the octopole calibration, and the stage-dependent yaw varia-

t ions are part ofthe stage cal ibrat ion. Suppressing the con-

stant term in the stage yaw calibration has the desirable

consequence of making the yaw angle reported by the stage

driver independent of the part icular octopole cal ibrat ion at

the t ime the stage is cal ibrated.
When the two translational degrees of freedom of the

stage are calibrated relative to the beam axis, the angle ofthe

stage relative to the octopole can be measured directly by

moving the stage to a number of posit ions in the octopole

field of view and computing the average angle between

their apparent coordinates in the octopole f ield and their

known stage coordinates. This angle measurement is re-

peated with each of the fiducial marks in the field, and a

smooth angle function f i t ted to the stage coordinate data.

This function (Pu(x, y)) is a polynomial similar to P*(x, y)

and Pu(x, y).
Thi! simple procedure is complicated by the fact that the

stage yaws during the cal ibrat ion. The solut ion is to rotate

the cal ibrat ion data to a standard apparent yaw angle.

and then, when the yaw angle is reported, to add to the

smooth angle function a correction Au derived from the

deviation of the X' laser from its expected value. The two X

interferometers normally differ from each other by <1 pcm,

so a satisfactory approximation is that the X and X' lasers

Software for Octopole
Calibration

The cal ibrat ion of the octopole ( including deflectron, ast ig-

matism correction, and focus correction via the dynamic focus

coi l) ,  is performed automatical ly by a program that is parameter-

driven. This al lows f lexibi l i ty in specifying to the program such
data as target dimensions, target construction, ini t ial  target loca-

t ion and various search and measurement cri ter ia (scan lengths'

etc.).  l t  is assumed that approximations for the malor terms (A,o'

Aor, B,o, 86,)of the deflect ion function exist A primit ive version of

the program computes these.
The program reads from mass storage the standard run

parameters and al lows the operator to make any changes dynam-
ical ly. Using the stage, the program then moves a cal ibrat ion

target to the beam axis. The f iducial scan program is invoked to
locate the target, and after calculat ion of the actual off  sel f  rom the

beam axis, the target is relocated by a stage move
The program then repeats the fol lowing sequence of operations

for each coordinate point within the f ield of view.
1. Using the stage, move the target to the new coordinate point

2. Using the f iducial scan program, locate the target atthat point.

The f iducial scan program calculates the octopole voltages for

the search pattern and applies any known corrections for

astigmatism and focus errors.
3. Measure the beam spot diameters at the coordinate point by

scanning the beam over the target. l f  the ma1or axis oJ the

el l ipse is greater than a given tolerance, a throughjocal series
is performed iterat ively to correct the beam spot size. The

through-focal series is a sequence of beam spot measure-

ments taken at various sett ings of the dynamic focus coi l

distr ibuted about the presumed focal point of the beam. The

results of the series are used to compute the correctlons to be
applied to the st igmator (V", Vo) and to the dynamic focus coi l
(Vt).  The f iducial scan program is used to locate the target with

the corrected beam.
4. The values used for deflect ion (V,, Vy), ast igmatism correction

(V", Vo), and focus (Vt) are recorded in mass storage with the
point coordinates.

Upon completion of the sample measurements, the f i le contain-
ing the stored values is read by the program and functions are
fi t ted to the deflect ion, ast igmatism, and focus data values The

new function coeff icients are then used to update the system
data. A summary of the run including input parameters and results
is produced.

rvAy 1981 HE\/LETT-pACKARo.tcuRter 29



are identical.  This yaw reference condit ion wil l  not be free
from yaw, but the yaw calibration will correct for any yaw
present in this standard approximation. In a manner similar
to that for x1 and yt above, the apparent yaw angle da : 3t -

P"[*t,  yt).
The angle cal ibrat ion data is col lected using the same

calibrat ion plate in only one orientat ion. For each f iducial
mark on the target, the stage is moved to a number of
dif ferent posit ions in the periphery of the octopole f ield of
view. Let d,.,.,o be the deflection vector for the mth fiducial
mark in the pth posit ion. Let DO be the mean vector over
fiducial marks of vectors d,,',,o. An estimate A. of the yaw
angle of the stage at mark m relat ive to the mean yaw angle
over the marks is given by

)  [  1a,o-oo)x(d.p)  I

? [d'0.  d.o]

I f  A.u is the apparent yaw angle derived from the X and X,
interferometers at mark m, Iet Aa- : &--A-u. Then, fitting
a polynomial P" (x, y) to the Aa- as a function of the stage
coordinates x and y of point m, one obtains at : aa + pu (x, y).

In summary, when the stage reports i ts posit ion, i t  has an
X value that is the sum of the value from the X interferome-
ter and the X-cal ibrat ion function. The stage reports a y
value equal to the sum of the Y interferometer value and the
Y-cal ibrat ion function evaluated at i ts current posit ion. The
angle is computed as the sum of the stage yaw cal ibrat ion
function and the current apparent stage yaw as computed
from the dif ference between the X and X' laser inter-
ferometers,

Octopole Calibrat ion
The octopole deflector deflects the electron beam within

a f ield that may be as large as 5 mm square. Within this area,
the placement of the beam must be within 0.07 g,m of i ts
required posit ion, and i ts diameter must be maintained at
0.5 g,m or less. Calibrat ion of the octopole is necessary to
fulf i l l  these requirements.

To a close approximation, octopole deflect ion is a I inear
function of appl ied voltage, and the maximum error due to
nonlinearit ies is about 2 ptm over a s-mm-square f ield of
view. However, this level of accuracy is not suff icient to
meet the electron beam system specif icat ions, and therefore
the nonlinearit ies must be characterized so that they can be
compensated during exposure. This characterization is
done during the octopole cal ibrat ion procedure.

Without octopole cal ibrat ion, not only would beam mis-
placement occur, but also the beam diameter would vary
over the f ield of view. Typical ly i t  can increase from 0.5 pm
at the center of a 5-mm-square f ield to 1.b pm at the edges.
The other purpose of cal ibrat ion is to characterize the elec-
tron optical aberrat ions that cause this increase in diameter
so that they too can be compensated during exposure.

The octopole has four entry ports. Two of these, V* and
V' are deflect ion voltages; their major effect is to deflect the
electron beam to a posit ion (x,y) in the writ ing plane. How-
ever, another significant effect of V* and Vu is the introduc-
t ion of aberrat ions, thereby enlarging the electron beam
diameter.

The remaining two octopole entry ports are the st igma-
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Table I
Octopole Plate Voltage Components

Plate Total Applied Voltage
1  V r + a V u + V u
2  a Y r +  V ,  +  V o
3 -aV- + V., -  V^^ y

4  -  V r + a v y  -  v b
5  -  V " - a V , . + V ^
6  a V , -  V u  +  V .
7  a V ,  -  V .  - V ^

' v

B  V r - a V u  -  v b

t ion voltages Vu and V6. Their major effect is to alter the
beam shape, thus providing a means of compensating for
the aberrat ions introduced by V* and Vu. The side effect
caused by Vu and V6 is a small  change in beam posit ion.
Table I shows how the voltages V", Vu, Vu and V6 are
distr ibuted among the octopole plates. The deflect ion volt-
ages V* and Vu are applied antisymmetrical ly, producing a
highly uniform deflect ion f ield when a - rt  1. The
stigmation voltages Vu and V6, on the other hand, are
app l ied  to  the  p la tes  symmet r ica l l y ,  thus  produc ing  a
highly nonuniform f ield that can correct for ast igma-
t ism. For a 5-mm-square deflect ion f ield, the maximum
required deflect ion voltage is about B0V and maximum
required st igmation voltage is about 1V.

The dynamic focus coi l  is control led by the voltage V1. I ts
major effect is to alter the beam shape, and i ts side effect is to
cause small  changes in the beam posit ion.

The octopole cal ibrat ion derives a transfer function for
the octopole. Then, given the required deflect ion coordi-
nates (x,y) of the electron beam, and the constraint that the
beam diameter maintain i ts undeflected value at any point
within the deflect ion f ield, i t  is possible to compute the
required values of V*, Vu, V", Vu and V1. There are good
physical reasons for assuming the fol lowing forms for the
cal ibrat ion functions :

I ---outer cross

Inner Cross

Fig.2, lndividual pattern on calibration plate. The outer cross
is used for coarse beam positton measurements and the small
inner cross ls used lor X-Y stage calibratton and f or f rne beam
position measurements. The octagonal arrangement ls used
for measuring the beam shape.

t 1 ),'m



Va - aoo + alox f aory )- a2sx2 + a11xy * aozyz

V u : b o o + b r o x + b o r Y  + b 2 s x 2  f  b 1 1 x y  t b o r y '

Vt : foo * fr6x * fsly + f26x2 + fr1x1, * fozyz

V * : A 6 6 x l A o r y  + A 2 6 x 2  * A 1 1 x y  t L o z y z

+ A36x3 + A262y + Apxy2 * Aosy3

V r - B 1 s x * B o r y  + 8 2 6 x 2  * B 1 i x y  t B o z y z

+ B3ex3 + B21x2y + B.2xy * Boey3

Thus the output of the calibration procedure consists of

values for the a;1, b;1, f;1, A;t and B;t coefficients that allow

the electron beam to be deflected accurately and without

enlargement within the 5-mm-square deflection field.

In the calibration procedure, a test target on the calibra-

tion plate is moved to a series of known locations in the

writ ing plane, using the X-Y stage. At each location, the

corresponding values of V*, Vy V", V6 and V1 are measured

and stored. The calibration coefficients are then evaluated

by forming a least-square-error fit to the empirical data.

Fig. 2 is a drawing of the test target. The target material is

si l icon, onto which a 1O0-nm-thick layer of gold has been

evaporated and patterned to form two concentric crosses.

The resulting video signal when the target is scanned by the

electron beam is largely due to the difference between the

backscattered electron coefficients of silicon and gold.

The target may be used to measure the values of V* and V,

Circula. Aperture

Elliptical Spot

Elliptical Spol \*,,,,nn r,"n"

Fig.3. The initially circular electron beam rs distorted to an
elliptical cross-sectlon by astigmatism and defocusing. The
magnitude of these elfects ls measured by adiusting the
dynamic focus coil voltage, which shifts the appropilate por-

tion of the beam envelope up or down the beam axis to the
measu rement target plane.

(Za) corresponding to a given X, Y posit ion by scanning the
elechon beam around the perimeter of a square that inter-

(2b) sects the four arms of either the outer cross (for a coarse
measurement of beam posit ion) or the inner cross (for a f ine

(2c) measurement). In general,  the test target is found by a two-
stage process consist ing of a coarse search fol lowed by a
fine search. The search routine makes extensive use of fidu-

cial search programs developed by Hsu (see page 34 of
t z o l tnrs rssuel.

( ,  a \

The test target is also used to measure beam shapes. To a
close approximation, the beam cross-section is el l ipt ical
and may be quantified by its major diameter a, minor diame-
ter b and orientation angle ,p between the major diameter
and the x-axis of the stage. To measure i ts shape, the beam is
scanned radial ly over the eight si l icon-gold edges at the
interior of the large cross. The beam diameter in each orien-
tation is deduced from the maximum gradient of the video
signal as the beam traverses the silicon-gold boundary. By
symmetry, it is to be expected that the diameters measured
on opposite edges are equal. The eight measurements may
therefore be reduced to four by averaging opposite pairs:

these four correspond to 0o, 45o, 90'and L35o scans and are
denoted by d1, d2, d3 and da. I t  may be shown that a, b and g
are then given by:

;) : t 612 + 1,$4gz
l "  (3a)

(3b)P : y2 tan-1 (c/B)

where A : dr2 + dz2 + d32 + d42

B : d 1 2 - d 3 2

C -- dtz - 6nz

Fig. 3 shows the envelope of an electron beam under the

influence of astigmatism and defocusing. The electrons are

focused to two vertically separated, perpendicular line foci,

and the cross section of the beam is, in general,  el l ipt ical

(the exceptions to the elliptical shape are at the two line foci

and at the circular disc which lies halfway between them).

The magnitude of the defocus aberration is quantified by

the height of the circular disc above the writing plane. The

astigmatism is quantified by a magnitude and an angle: the

magnitude is the separation between the upper and lower

line foci, and the angle is the orientation angle of the upper

line focus.
These quantities are measured by building up a three-

dimensional picture of the beam envelope from a series of

cross-sections parallel to the writing plane, and at different
heights above and below it. Each cross-section is measured

by energizing the dynamic focus coil appropriately (this

shifts the beam envelope along its axis) and simultaneously
scanning over the target to make beam diameter measure-

ments. Typical ly, the through-focal series consists of 11

such rneasurements which may be processed to determine

the magnitudes of the defocus and astigmatism aberra-
tions, and hence the required values of V", V6 and Vg.

To calibrate the octopole deflector, a number of points

(typical ly 25) distr ibuted within the octopole f ield of view

are sampled. The test target is moved to each point in turn.

N/tAy 198r HEWLETT-pACKARo lounnnr 31



64 4m

Nominal Spot
Oiameter d,m [', '',]rl

l+64r rm_l  
\a ,n"

start of
Rasler

Line #1
Point  #1

Point
# 1
#128

I :-A+ |
^a

IT
Vpo-  l

Fig.4. Simplitied schematic of the four quadrupole def lection
plates and their drive circuitry,

At each point, a through-focal series of beam diameter mea-
surements is made, and the results are used to derive the
required values of V", V6 and V1. These defocus and astig-
matism correction voltages are then applied, and the values
of V* and V, needed to center the beam over the test target
are measured.

The result of the sampling procedure is a set of 25 values
ofx and y, and 25 corresponding values ofV", V6, Vi, V* and
Vr. The data is fitted to functions of the form of equations
(2), and optimum values of the calibration coefficients are
derived. The software used to perform this calibration pro-
cedure is described in the box on page 29.

Quadrupole Galibration
The quadrupole deflects the electron beam in a raster over

a 64-g,m square field. Because the quadrupole field of view
is small, the corresponding electron optical aberrations are
negligible, so three simplifying assumptions may be made:
r The behavior of the quadrupole is independent of the

octopole deflection
r Quadrupole deflection causes no growth in beam diame-

ter. and
r The relationship between applied voltage and quad-

rupole deflection is l inear.
Fig. 4 is a simplif ied view of the quadrupole and its drive

circuitry. The quadrupole consists of four plates, Iabeled
P+, P-, Q+ and Q-. Plates P+ and P- are connected to the
symmetrical outputs of one driver amplifier Ao and the Q
plates are driven in a similar way by the other driver
amplifier An. The driver amplifiers have input voltages Vo
and Vo.

During exposure, the electron beam is scanned over a
64-pm-square area following the raster pattern indicated in
Fig. 4. Vo and Vo are generated digitally in such a way that
each raster l ine consists of 128 points. The 128-line raster
therefore consists of (128)2 : 16384 separate points. By
using the beam blanker, the electron beam may be switched
on or off at any of these points.

The frame-scan and line-scan times of the quadrupole
raster depend on the clock frequency in use during a given
exposure. This, in turn depends on the beam current, beam
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Fig,5. lt the quadrupole is calibrated, four points, one in each
corner of the rastet scan, will define a square centered about
the optic axls as shown in (a). However, if the quadrupole is
uncalibrated, the same four points will define a parallelogram
whose center is olfset from the optic axis as shown in (b).

diameter, and resist sensit ivi ty, and in general varies from
exposure to exposure.

Because of the simpli fying assumptions, the transfer
function connecting the input voltages Vo and Vo and the
result ing beam posit ion (x,y) is l inear:

V p : P r o x * P o r y + A V p
V n : Q r o x + Q o r Y + A V q

[4a)
(4b)

The quadrupole cal ibrat ion procedure determines the
parameters Pro, Por, Qto, Qor, AVo and AVo. Because of the
high-speed circuitry involved, tliese parameters are func-
t ions of clock frequency, a fact that has two consequences.
The first is that the calibration may have to be repeated as
often as once per substrate, since different substrates will in
general require dif ferent dosages. The second consequence
is that the cal ibrat ion must be performed while the quad-
rupole is deflecting the beam in a raster at the same fre-
quency as that used for substrate exposure.

It  has already been mentioned that the electron beam may
be switched on or off by the beam blanker at any of the
16,384 points within a 64-pm-square block. To cal ibrate the
quadrupole, al l  but four of the points within a block are
switched off.  Fig. 5a shows the four points that are on,
shaded and labeled as P1, P2, P. and Pn. I f  there is no
octopole deflect ion, these four points wil l  be arranged
around the optic axis. I f  the quadrupole is exactly cal i-
brated, they form a square with 64-ptm sides centered about
the optic axis. I f ,  however, the quadrupole is uncal ibrated
so that the values of Pro, Por, Qro, Qot, AVo and AVo are not
known accurately, the four points form a'displaced paral-
Ielogram whose center is offset from the optic axis as i l lus-
trated in exaggerated form in Fig. 5b.



Fig. 6. When the beam is deflected from P, in Fig. 5 to a
position near the optic axis (center of the fiducial mark), the
error (Lx, Ly) between ils actual positton P1" and the optic
axis can be measured by scanning the beam across the mark
along A-A' and B-B'.
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To calibrate the quadrupole, it is run with the test target
centered about the optic axis and at the required clock
frequency in the way described above. If the quadrupole is
correctly calibrated, point P1 (Fig. 5a) can be brought to the
optic axis by shift ing the scanned raster a distan ce (32-lzd)
pm in the X direction and (32-yzd) pm in the Y direction,
using the octopole deflector (d is the nominal spot diameter
in pr.m). With an uncalibrated quadrupole, however, shift-
ing the scan in this way would bring point Pt' (Fig. 5b),
not to the optic axis, but to a point P1" as shown in Fig. 6.
The coordinates of P1" may be measured by scanning the
raster in the directions A-A'and B-B'with the octopole, and
using the fiducial-mark locating routines to evaluate Ax and
Ay. In this way the unshifted coordinates of P1'may be
measured.

In a similar manner, the coordinates of P2', P3' and Pa'
may be measured. The measured coordinates of these
points, together with the corresponding values of Vo and Vo
may be fitted to equations 4a and 4b to give the values of the
parameters Pro, Por, Qro, Qor, AVo and AVn.
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Digital Adaptive Matched Filter
for Fiducial Mark Registration

by Tsen-gong Jim Hsu

Fast, accurate detection of f iducial marks on substrates is
necessary to attain high levels of throughput, pattern registrat ion,
and equipment cal ibrat ion in an electron beam l i thography sys-
tem. This is general ly done by processing an electronic waveform
y(x)derived from the detection of the electrons backscattered by
the f iducial mark and i ts substrate (Fig. 1)as the electron beam is
scanned across the region where the f iducial mark is est imated to
be. By correlat ing the occurrence of the signal caused by the
mark with the deflect ion voltages required to posit ion the electron
beam at the location where the signal is detected, the pattern
coordinates can be establ ished accurately.

Discerning the port ion of the waveform caused by the f iducial
mark is often dif f icult  because considerable levels of noise are
also present, the mark may be covered by a layer of resist,  and the
contrast between the mark and i ts surroundings may be low. This
dif f iculty is overcome by recognizing that the desired slgnal
should be an odd or even function with a center of symmetry
corresponding to the location of each arm of the f iducial mark.
Also, because the substrate is mechanical ly registered on the
system's X-Y stage, the approximate location of the f iducial mark
is already known. This reduces the search area and hence the
time required for detection.

J-- Electron Beam

I
l a Y

Detector

Fig. 1. Ihe signal for detecting the fiducial mark is generated
by scanning the electron beam through the vicinity of the mark
and detecting the number of electrons backscattered from the
mark and lfs subsfrate.

Signal Detection
Thus, the problem is to detect a part ial ly known signal in the

presence of addit ive noise. The signal f(x) is considered to be an
even or odd function with a center of symmetry located at x :  xc
and to have a value of zero lor values of x outside the range from
x.-wl2 to xc+W2. Here x" is the centerl ine coordinate of the arm
of the f iducial mark and w is the width of the search area The noise
n(x) is est imated to be stat ionary white noise. Therefore, the
waveform V(x) -- f1x; '  n1x;

Adaptive matched filters can be used to detect the even or odd
signals embedded in noise. l f  y(x) is appl ied to a space-variant
l inear system whose block diagram is shown in Fig. 2, i t  can be
shown that the output of the system is

rwt2
z(x)  :  I  y(x-x ' )y(x+x ' )  dx '  (1)

J

when the system has an impulse response of y(x+x,) at x for
-wl2<x'<w12.

By mult iplying the signal and noise components in equation (1),
the average output of the detector can be obtained as the sum of
the averages of four product terms. Because of the nature of n(x),
at can be shown that the average of the noise product term is zero.
Also, the averages of the signal-noise product terms wil l  cancel
each other, leaving only the average of the signal product:
f (x+x ' ) f (x -x ' ) .

To analyze the nature of the average of the signal product term,
define a function g(x' ;x) :  f(x+x') within the interval w centered at
x and equal to zero elsewhere. Separate g (x,;x) into i ts even and
odd parts. The even componenl g"(x' ;x) has mirror symmetry
about x and the odd component go(x';x) has rotat ional symmetry
about x. Fig.3 shows examples of g(x' ;x) separated into their
respective even and odd parts for various values of x. Note that
the even and odd parts are orthogonal over the interval from
x-wl2 Io x+W2 and that

f (x+x ' ;  :  g (x ' ; x )  :  g " (x ' ; x )+go(x ' ;x )
f (x -x ' )  :  S( -x ' ; x )  :  g " (x ' ; x ) -go(x ' ;x )

(2)
(3)

for -wl2<x'<w12.

Thus, by mult iplying equations (2) and (3) and remembering
that the average value of the product of two orthogonal functions
is zero, the output of the system is equal to the dif ference between
the energies of the even and odd components. That is

Z(x) :  E"(x) - Eo(x) (4)

Since the average even and odd component energies are both
posit ive for al l  values of x, i t  fol lows from equation (4) that the
expected value for the output at the point of symmetry, x :  x" is
equal to E"(x") i f  the signal is an even function, and is equal to
-Eo("") i f  the signal is an odd function.

Also, the energy detected for x :  x" is greater than the energy
detected for any other value of x. Therefore, i t  fol lows that, when
x : x", the output of the detector is a maximum if  the signal is
an even function or a minimum if  i t  is an odd function.

It  also can be shown that the signal-to-noise rat io at the location
with maximum iz(x) |  is Tzr,Grt\  where E. and No are the total
energy of the signal f  (x) and power spectral density of the stat ion-
ary white noise n(x), respectively.

One advantage of the adaptive matched f i l ter is that having
complete information about the signal is not necessary to detect i t .
That is, one doesn't  need to know the exact waveform of the
signal, just i ts approximate length and that i t  is an even or ood

F,9.2. Matched filter block diagram for detecting signats that
are even or odd functions.

34 rewrerr,pncKAnD JoURNAL t\,4Ay 198l



l-w*l F-w+l

st ' ' ; ' ' t l  l4  - l - - |J l -  s(x ' ;x3)

y [ i - ; ] y I i + i ]

To have a normalized measurement of the output, the fol lowing

modif ied detector was introduced where EIi ]  is the energy and
n1y I i ])  is tne mean value of yl i ]  for i-  K/2<j<i+ K/2, respectively

,'rit : '!'l/^-A(,ufi]): (6)' L  r  E l i l iK_A(y [ i ] ) ,

wnere E[ i ]  :  5  u[ , * i ] 'anonly [ i ]1= t rx  i  u [ , * , ]
i=-Kt2 j :  Kt2

Therefore, when i  :  i" ,  r I i ]  is maximum for an even function signal
and minimum for an odd function signal. Also, because the abso-
lute value of rI i ]  should be less than or equal to one for al l  i ,  i t  can
be used as a good measure of output rel iabi l i ty.

This approach has considerable f lexibi l i ty because various
parameters, such as K, can be varied to adapt to different situa-
t ions. For example, i f  the init ial  est imate of the f iducial mark loca-
t ion is inaccurate, the search can be easi ly broadened by increas-
ing K. Then, when the mark is found, a more accurate estimation ot
its location can be made and the value of K can be decreased

Results
Two sets of real data are shown in Fig. 4. There is an even

function signal and an odd function signal embedded in the
waveforms of Fig. 4a and Fig. 4b, respectively. The correspond-
ing outputs ol the adaptive digital f i l ter system are shown below
each input waveform. l t  is clear that the maximum output of Fig. 4a
and the minimum output of Fig 4b indicate the centers of the
respective even and odd signals.

Fig. 5 shows three sets of real data containing odd-function
signals as a function of increasing resist thickness over the f ldu-
cial mark. Despite the increased thickness, the minimum of the
output st i l l  indicates the center of the mark.

Fig, 4. Detection of actual even
(a) and odd (b) function signals
embedded in random noise. The
corresponding detector output
zlt) in 1a| is maximum at the cen-
ter of the function and in (b) is at
a minimum.

/ q \

Kt2

z I i ] : z )
j = 0g(x ' ;x2)

go(x ' ;x2)

g.(x ' ;x2)

9(x ' ;x4)

go(x ' ;x4)

g.(x ' ;x4)

r lll
vt'r f1- -----rL-.1- |- x r x z -

n1,',',rl--!J |-|Jl- s(x';x3)
so(x';xr)l-Pl +f]- so(x';x3)
g"(x':x1) lJrl {L.|Jl- s.(x';x3)

l*w*l F-w--l

Fig.3. Examples of a function detected over an interval w,

centered at a value x^ and separated into its even and odd

components.

function is suff icient. This makes an adaptive matched f i l ter very

attract ive for f inding f iducial marks in an electron beam l i thog-

raphy system. As the electron beam scans across a l ine or an arm'

the waveforms of the detected backscattered electron signals

always vary because of varying resist thickness and contrast

between the marks and the substrate However, the slgnals re-

main either even or odd functions, and since only the centers of

the f iducial mark arms need to be determined, an adaptive

matched f i l ter is obviously a good technique to detect them

Another iavorable property of the adaptive matched f i l ter is i ts

processing speed. Since the integrand f(x-x') f(x+x') is also an

even function, one can take advantage of this by integrattng over

one half the interval and doubling the result,  This further increases

the processing sPeed.

Digital Approach
Because digital systems are more easi ly implemented and

control led, a discrete version of the above analysis was done

Brief ly, equation (1) can be real ized by applying discrete input

samples y[ i ]  to a digital f i l ter whose impulse response at i  is
y[ i+;]  tor -Klz<j<Kl2 where K is the wrndow of the f i l ter (dtgital

equiv-alent of w). The responses are then summed and averaged

and the result ing output ls

(a)

Odd Function '"' -vr-
v  I i ]

(b)
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Fig.S, Detection of an actual odd
function signal as the thickness of
lhe resist layer over the fiducial
mark is increased from a thin
layer (a) to a thick layer (c).
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